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The inner water body of Cadiz bay is a shallow and tide-dominated lagoon, 
affected by episodic wind-storms and profusely inhabited by marine macrophytes (> 
90% covering). These macrophytes are key to the functioning and productivity of this 
system and their interactions with hydrodynamics affects important ecological processes 
such as resources uptake and availability, bed stability and sedimentation. To 
understand the physical settings controlling such processes, the main objective of this 
PhD thesis was to study the effects of the marine macrophytes on the spatial patterns of 
current velocity and turbulence, and their potential consequences for sedimentary and 
nutrients dynamics. For this propose, hydrodynamic gradients along natural canopies, as 
well as the influence of some benthic landscape elements (i.e. microtopography, benthic 
transitions and patches fragmentation) were analysed with a combination of in situ 
measurements (e.g. acoustic Doppler velocimeter (ADV) and dye tracer measurements) 
and flume tank experiments. Main results revealed that (1) the flow accelerates over the 
canopies, being partially explained by submergence conditions, (2) fragmentation of 
intertidal patches augments horizontal turbulent diffusivity of solutes, whereas their 
retention time remains unaffected, and (3) the leading edge is the most active 
sedimentation zone on a seagrass meadow. Microtopography seems to promote the 
benthic macrophyte interactions only on cases affected by high flow events. Overall, 
diffusive limited- rather than mechanical stress- conditions dominate during no windy 
spring tide periods. Present study provides important keys to understand the role of 



















































1. Hydrodynamics on seagrass habitat 
Seagrasses are a small group of angiosperms monocots that succeeded 
colonizing marine habitats. This small group is characterized by a strongly developed 
aerenchyma, a root–rhizome system that allows the anchoring to the substrate and a 
biological activity fully adapted to the marine environment (Arber 1920, den Hartog 
1970). Such adaptation includes the capacity to growth and to reproduce under marine 
water (with subsequent problems of pollination, Ackerman 1997a, 1997b), the 
resistance to hydraulic pressure (Beer and Waisel 1982) and the adaptation to 
hydrodynamic environment (Koch 2001). 
The adaptation to hydrodynamic environments has been crucial for seagrasses to 
successfully colonize and survive on littoral habitats. Hydrodynamic forces on coastal 
waters can be basically classified as (1) unidirectional (e.g. tidal currents) and (2) orbital 
(e.g. swell or wind waves), and both types regulate biological processes in seagrass 
meadows by controlling momentum and mass transfer from the surrounding water  
(Koch and Gust 1999). The magnitude of these forces may determine habitat and 
development conditions affecting seagrass growth rate and plant morphological features 
(Schanz and Asmus 2003, Peralta et al. 2005, 2006, De los Santos et al. 2010), but also 
to nutrient uptake (Thomas et al. 2000, Thomas and Cornelissen 2003, Cornelissen and 
Thomas 2006, Morris et al. 2008) and light availability (Mc Kone 2009), with 
consequences for photosynthetic performance (Fonseca and Kenworthy 1987, Koch 
1994, Enriquez and Rodriguez-Roman 2006). Furthermore, hydrodynamic conditions 
drive sediment dynamics, thus promoting risks of seagrass burial (Marbá and Duarte 
1995, Cunha et al. 2005, Peralta el al. 2005) or erosion (Scoffin 1970, van Katwijk and 




may, consequently, shape the upper limit of seagrass distribution (Infantes et al. 2009) 
or their landscape patterns (Fonseca and Bell 1998).  
Seagrass growth can be constrained or interrupted under extreme hydrodynamic 
conditions (i.e. very low or very high flow environments). At low flow conditions, the 
diffusive boundary layer (DBL), an unstirred layer of water generated around the leaf 
surface, restricts the mass-transport to the plant, limiting photosynthesis and uptake by 





1994, Thomas et al. 2000). Recent evidences suggest that resource partitioning due to 
seagrass clonal integrity could play a key role against this impediment by distributing 
nutrients from active uptake zones of the meadow to those physically limited (Morris et 
al. 2008). Consequently, physiological responses to hydrodynamics are not expected to 
be spatially homogeneous, being necessary the analysis of spatial gradients within the 
meadow to integrate physical and biological studies on natural populations. 
On the contrary, at high hydrodynamic conditions, mechanical stress imposed by 
high energy currents and waves could compromise seagrass survival by (1) increasing 
energetic costs to resist drag forces (Bouma et al. 2005, Peralta et al. 2008), (2) directly 
damaging aboveground biomass (Scoffin 1970, Pérez-Lloréns and Niell 1993; Schanz 
and Asmus 2003, Peralta et al. 2005) and (3) fostering substrate erosion and plant 
uprooting (Scoffin 1970, Pérez-Lloréns and Niell 1993, van Katwijk and Hermuss 2000, 
Paling et al. 2003, Schanz and Asmus 2003, Peralta et al. 2005). The corresponding 
seagrass acclimation and adaptation responses include (1) a strong anchoring system, as 
well as (2) thick leaves (Peralta et al. 2006), and (3) the capacity to reduce the frontal 
area exposed to the flow. This last strategy is usually accomplished by (a) development 
of small size morphotypes (Peralta et al. 2005), or simply by a high shoot flexibility 




canopy compaction (Fonseca et al. 1982, Peralta et al. 2008, De los Santos 2011). 
Bending of blades is considered an “avoiding strategy” to hydrodynamic forces, and it 
is favoured by the biomechanical design of the leaves (i.e. flexibility and basal parts, De 
los Santos 2011). In summary, these large set of mechanisms reflect the importance of 
hydrodynamics as a forcing factor on seagrass habitat, by imposing energetic costs or 
adaptive constrains (De los Santos 2011). 
For a seagrass meadow, the effects of water velocity (U, m s
-1
) on diffusive 
boundary layer (DBL, µm) and drag forces are summarized in figure 1, pointing out that 
U values exceeding 0.30 m s
-1
 are high enough to avoid molecular diffusion restrictions 
to photosynthesis or nutrients uptake (Thomas et al. 2000, Morris et al. 2008). On the 
other hand, drag forces notably increase at U values larger than 0.25 m s
-1
, promoting 
incipient sediment bed erosion (Bouma et al. 2009a). The optimal range of current 
speed to avoid problems associated to DBL and drag forces is very narrow, indicating 
that diffusive limitation vs. mechanical stress is a hydrodynamic trade-off for seagrasses 
(Fonseca and Kenworthy 1987). The thresholds for this trade-off are similar to the ones 
described for nutrient pool regeneration under contrasting hydrodynamic scenarios (ie. 
low versus high velocity). Nutrient regeneration within a submersed canopy has been 
attributed to the effect of vertical secondary flows from the sediment, enabling the 
transport (i.e. pore-water advection) to the canopy (Nepf and Koch 1999). At low flow, 
pore-water advection is small and nutrient regeneration limited. At high flow, a rapid 
pore-water advection occurs and canopy bending reduces the maximum height that 
nutrient transport reaches. Accordingly, submersed macrophyte optimum growth is 
usually observed at intermediate current velocities (Merrell 1996, Koch 1999 a), which 




seagrass meadow development the attenuation of extreme hydrodynamic conditions or 
their effects. 
 
Figure 1. Diffusive boundary layer thickness (DBL, µm -in blue-) and drag force (N –in red-) as a 
function of current speed (U, m s
-1
) on seagrasses (redrawn from Wheleer 1988 for macroalgae). 
Drag force was estimated as a quadratic law of the velocity, whereas DBL thickness was estimated 
assuming a constant friction coefficient and a power law of (-2/3) of the friction velocity (Koch 1994). 
Thresholds of representative biological processes (1-6) are included. Grey area indicates the range of 
current speed at Southwest corner of inner Cadiz bay during a typical spring tide cycle. 
2. Seagrasses as ecosystem engineers 
Further to seagrass adaptation to flow, seagrasses are able to modify their 
physical environment determining their survival and development (e.g. light 
availability, hydrodynamics and sedimentary environment, Bouma et al. 2005, Bos et al. 
2007, van der Heide et al. 2007, Peralta et al. 2008). This capacity implies a set of 
feedback mechanisms between seagrasses and the surrounding habitat, affecting these 
changes to the entire community (i.e. from small bacterias to large organisms, including 
the seagrasses, Koch 2001, Bouma et al. 2009 b). For this reason, seagrasses are widely 




the nutrient levels in the water column (Moore 2004), but also attenuate waves and flow 
(Gambi et al. 1990, Fonseca and Cahalan 1992, Granata et al. 2001). Both mechanisms 
reduce turbidity by limiting phytoplankton and epiphytes or by decreasing suspended 
sediment concentrations (Ward et al. 1984, Twilley et al. 1985, Granata et al. 2001, 
Kemp et al. 2005). Reduction of turbidity implies increase in light availability, 
supporting a stable-state of high shoot density (van der Heide 2007), favoured by the 
positive feedbacks between velocity reduction and shoot density (Gambi et al. 1990, 
Peterson et al. 2004, Peralta et al. 2008). 
Most of the seagrass-driven ecosystem engineer mechanisms are, directly or 
indirectly, related to hydrodynamics (Koch 2001). Thus, the physical interaction of 
seagrass with currents (1) affects solute or nutrient renewal within the canopy 
(Worcester 1995, Morris et al. 2008, Nepf and Ghisalberti 2008), (2) increases the 
stability of bottom substrate (Fonseca and Fischer 1986, Thompson et al. 2004) 
decreasing potential erosion (Thompson et al. 2004, Peralta et al. 2008, Bouma et al. 
2009 a), (3) enhances sedimentation rates (Gacia et al. 1999, Hendriks et al. 2008, 
Hendriks et al. 2010) and (4) affects food availability for the associated fauna (Allen 
and Williams 2003, Brun et al. 2009). Hence, the knowledge on the interaction seagrass 
- fluid dynamics is crucial for a complete comprehension of the ecosystem engineering 
processes (e.g. Bouma et al. 2005), requiring the combination of several spatial scales 
(from µm to km, Koch et al. 2006) and being particularly relevant processes occurring 
at canopy and landscape scales. 
2.1. Seagrass – hydrodynamic interactions at canopy scale 
Current attenuation in submersed canopies is well documented in the literature 




beds reduce current velocity by extracting momentum from the moving water (Fig. 2A, 
Fonseca et al. 1982, Gambi et al. 1990). For Zostera marina, this reduction is effective 
even under very high velocity conditions (i.e. 1.5 m s
-1
) due to the effects of bending 
and compaction of the canopy (Fonseca et al. 1982, 1983). However, this process is 
enhanced by increasing shoot density (Gambi et al. 1990, Peterson et al. 2004, Peralta et 
al. 2008), by tidal dominancy (low attenuation in wave-dominated areas, Koch and Gust 
1999) and reduced by increasing depth (Fonseca et al. 1982). Furthermore, although 
velocity is reduced within most of seagrass canopies, species-specific differences of 
reduction magnitude can be also detected due to contrasting canopy features (van 
Keulen and Borowitzka 2002, Peterson et al. 2004, Morris et al. 2008). 
Velocity attenuation within the canopy is normally accompanied by (1) flow re-
direction and acceleration above the canopy (Fig. 2B, Fonseca et al. 1982, Gambi et al. 
1990, Morris et al. 2008, Hendriks et al. 2010), and by (2) modification of the benthic 
boundary layer (BBL) velocity profile (see Fig. C1 vs. Fig. C2, Abdelrhman 2003, Nepf 
et al. 2007). Flow acceleration just on top of the canopy (hc) is usually called 
“skimming flow” (Neumeier and Ciavola 2004). Although, a complete skimming flow 
is restricted to dense meadows where a layer of water can be trapped within the canopy 
(Koch et al. 2006, Peralta et al. 2008). Over bare areas, the BBL velocity profile has 
typically a logarithmic shape that can be modelling according to equation 1 (Denny 
1988, see Fig. 2C1): 
 (eq. 1) 
where u is the velocity (m s
-1
), u* is the friction velocity (m s
-1
), z is the height above the 




effects of submersed vegetation on this vertical profile are negligible (Koch et al. 2006). 
Emergent canopies (i.e. when water column height, H is <1.5 hc) are a special case, 
since the logarithmic layer cannot be developed on top and the velocity profile becomes 
upright (Nepf et al. 2007). In contrast, within medium to high-density canopies, the 
logarithmic layer usually is shifted above the vegetation (eq. 2, Fig. 2C2), being the 
profile within the canopy exponential (Abdelrhman 2003) or vertical (Maltese et al. 
2007, Peralta et al. 2008):  
 (eq. 2) 
where d is a displacement term (m) which is proportional to the canopy height (hc) and 
represents a measure of the height that momentum from the overlaying flow penetrates 
into the canopy (Nepf and Vivoni 2000).  
 
Figure 2. Conceptual model of the hydrodynamic effects associated to the seagrass canopy-flow 
interactions. (A) Current velocity reduction within the canopy, (B) Flow acceleration and re-direction 
above the canopy, (C) Typical velocity profiles on a benthic boundary layer without vegetation (C1) or 
forming a mixing layer due to the presence of a submersed canopy (C2), (D) shear scale turbulence at the 
canopy-water column interface, (E) “monami” effect, (F) stem-scale turbulence, (G) vertical secondary 
flow, (H) recirculation cell. 
Seagrass canopies also affect turbulence patterns (e.g. Ackerman and Okubo 




vertical distribution of seagrass biomass generates a shear layer across the canopy-water 
interface very similar to a mixing layer (Fig. 2D, Ghisalberti and Nepf 2002). This 
effect is usually accompanied by a leaf synchronous waving movement -called 
“monami”- which contributes to the vertical mixing (Grizzle et al. 1996, Ackerman 
2002, Fig. 2E). The strength of the shear layer usually delimits two vertical regions with 
different scales of turbulence; (1) the upper canopy, with high turbulence generated by 
coherent Kelvin-Helmholtz-type vortex structures determining canopy-water exchange 
(Maltese et al. 2007, Nepf and Ghisalberti 2008), and (2) the lower canopy, where 
turbulence is generated by interactions at the stem-scale (Nepf and Vivoni 2000, 
Ghisalberti and Nepf 2008, Fig. 2F) and the erosive stress is reduced (Hendriks et al. 
2008, Peralta et al. 2008). Close to the bottom, drag pressure gradients around shoots 
dominate the turbulent environment (Huettel and Gust 1992). These drag pressure 
gradients generate vertical secondary flows, promoting nutrient exchange with the 
sediment (Fig. 2G, Nepf and Koch 1999). 
Finally, gaps or bare spaces among seagrass patches can also generate vortices at 
the downstream end (Fig. 2H, Folkard 2005, Maltese et al. 2007). In such cases, the 
bottom shear flow increases within the gaps, limiting sedimentary events and even 
favouring erosive ones (Folkard 2005). The existence of gaps or patchiness is a widely 
spread situation along seagrass habitats (Bell et al. 1999, Brun et al. 2003, Sleeman 
2005). Therefore, the hydrodynamic consequences of this spatial patchiness should be 
taken into account when studying processes at landscape scale. 
2.2. Seagrass – hydrodynamic interactions at landscape scale 
As abovementioned, seagrass landscapes are commonly patchy (Brun et al. 




seagrasses tend to develop spatial patterns from continuous to sparse or discrete patches 
(Fonseca and Bell 1998). Presumably, patchy, or even banded, patterns may arise from 
physical disturbances and feedback processes that chronically confine seagrass bed 
development (Marbá and Duarte 1995, Fonseca 1996, van der Heide 2010). However, a 
complete hydrodynamic characterization over a landscape area requires synchronous 
measurements at several points (e.g. Fonseca and Bell 1998), and such experimental set 
up is hardly feasible. For this reason, a whole seagrass landscape approach is rarely 
performed, and flume tank experiments comparing different seagrass patches patterns 
are used instead, revealing that spaces between consecutive patches promote a sweep 
flow that enhances turbulent mixing (Folkard 2005, Maltese et al. 2007). 
Alternatively to a whole seagrass landscape approach, the hydrodynamic 
consequences of seagrass patchiness have been inferred by analyzing horizontal 
gradients that are established from the meadow leading edge (Peterson et al. 2004, 
Folkard 2005, Morris et al. 2008, Hansen and Reidenbach 2012). For instance, Morris et 
al. (2008) measured the highest nutrient uptake rates at the leading edge of Zostera 
noltii and Cymodocea nodosa meadows, and deduced that a patchy or fragmented 
landscape (with high proportion of edge zones or perimeter) should be able to 
incorporate more nutrients than a homogeneous one. Flow patterns associated to 
meadow edges are usually called “edge effects” (Folkard 2005), affecting important 
processes such as the replenishment of nutrients, the sediment erosion or the resources 
availability (Koch et al. 2006, Macreadie et al. 2010). For seagrass landscapes, edge 
effects mainly imply (1) lower (or absent) vertical vortex dissipation (Ghisalberti and 
Nepf 2002), and (2) higher flow penetration (Peterson et al. 2004) compared to 
downstream positions. The magnitude and the extension of these effects depend on the 




inside the meadow ranges between 1 m (Fonseca and Fisher, 1986) and 50-fold the 
height of the canopy (Nowell and Jumars 1984, Granata et al. 2001). This distance can 
be modelled as a function of the seagrass patch drag (Abdelrhman 2003, Peterson et al. 
2004). However, too few times have been tested in the field (Granata et al. 2001, 
Peterson et al. 2004) whereas the validity of flume tank tests can be inconvenient for 
small patch models that are affected by flume wall effects (Fonseca and Koehl 2006). In 
this sense, further research of in situ edge effects is needed to corroborate the existence 
of gradients similar to the ones observed in flume tank experiments. 
3. The inner basin of Cadiz bay as environmental framework 
Bay of Cadiz is located in the west of the Gulf of Cadiz, SW Spain, between 36° 
23’ to 36° 37’N and 6° 8’ to 6° 15’W. The bay is divided in two basins, a deeper outer 
bay (mean depth of 12 m mean low water, MLW) and a shallower inner one (mean 
depth of 3 m, MLW), both connected by the Puntales channel (Alvarez et al. 1999, 
Freitas et al. 2008). The characteristics of the inner bay (shallowness, tide-dominated 
environment with dense macrophytobenthos coverage) are excellent to be used as a 
natural laboratory for the study of the seagrass-hydrodynamic interactions. Next section 
depicts in detail the special features of this system (i.e. hydrodynamics, sediment 
dynamics and benthic macrophytes). 
3.1. Hydrodynamics 
The hydrodynamic conditions of inner bay of Cadiz are mainly related to (1) 
tides, which generate flood or ebb unidirectional flow, and (2) wind, which generate 
orbital flow. This bay is affected by semidiurnal co-oscillating tides with meso-tidal 
range (2-4 m). Principal lunar component (M2) contributes with amplitudes of ~1 m and 




according to these semi-diurnal periodicities, with minimum velocities during low and 
high tide and maximum ones during the intermediate periods. During spring tides, the 
tidal velocity modulus ranged between 0.01 and 0.08 m s
-1
 (Fig. 3A), being flooding 
currents faster than the ebbing ones and detecting the maximum values 3 h after low 
tide. Furthermore, flow direction varied from NW component (flooding phase) to W 
component (ebb phase) (Fig. 3B), being the main flooding surge re-conducted as a long-
shore current by the friction of surrounding coast (Achab and Gutierrez Mas 2005, 
Benavente et al. 2011). The inner bay velocity range (0.01-0.08 m s
-1
) is considered low 
when compared to other seagrass habitats (e.g. Fonseca et al. 1983, Koch 1999), even 
when compared to adjacent areas (ie. 0.05-0.3 m s
-1
 at outer bay, Brun et al. 2009). 
Accordingly, diffusive limited processes (i.e. physical control of nutrient uptake and 
photosynthesis, see previous sections above) could constrain seagrass development in 
the inner bay of Cadiz. Consequently, this environment can be used to study seagrass 
hydrodynamic interactions on a physical restriction scenario. 
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Figure 3: Preliminary hydrodynamic characterization at a bare area of the SW corner of the inner 
bay of Cadiz (0.32 m above bed). (A) Modulus of tidal current velocity (U, m s
-1
) and water column 
height (H, m) during the spring cycle (tidal range = 2.43 m), (B) Main direction of tidal current during 
flooding (blue arrows) and ebbing phase (red arrows), and (C) Significant wave height (Hs, cm) as a 
function of wind speed (km h
-1
) recorded during sampling day. 
Geomorphology of the bay of Cadiz prevents the inner bay from the effects of 
oceanic waves (Alvarez O., personal communication), so the generation of orbital flow 
is completely due to windstorms. Wind-waves have different frequency and persistence 
depending on the dominant wind component. Main wind components affecting the bay 
of Cadiz are E and W. Westerlies (13.6 % frequency, 30 km h
-1
 average) are strong, but 
squally and inconsistent, whereas easterlies (12.3% frequency, 50 km h
-1
 average) are 
strong and constant (blowing during seven consecutive days, Lobo et al. 2000, Achab 
and Gutierrez-Mas 2005). Typical wind waves have short period (i.e. below 7 s) with 
0.5 m amplitude in summer and 1 m in winter (Kagan et al. 2003). However, at the 
Wind speed (Km h
-1
)
















inner bay, wave height is highly variable depending on wind intensity, direction and 
location. Preliminary measurements of the significant wave height (Hs) during a period 
of westerlies suggest that even velocities higher than 20 km h
-1
 did not promote an 
appreciable orbital flow at the SW corner of the inner bay (Fig. 3C). At the same 
location, easterlies (16.6 km h
-1
) generated Hs > 20 cm, whereas the sea breeze (15 km 
h
-1
, South wind) generated Hs < 5 cm (Garcia-San Miguel 2010). 
3.2. Sediment characteristics and dynamics 
Although tidal flow is able to drive sediment resuspension by itself (Alvarez et 
al. 1999), sedimentary dynamics is controlled by waves due to windstorms. Sediment 
resuspension within the inner bay is originated by the orbital flow driven by easterlies, 
whereas West and North winds have no influence (Gutierrez Mas et al. 2000). 
Resuspended sediment is then transported by tidal and wind-induced currents to the 
outer bay as a turbidity blob, or relocated along the inner bay by West component 
currents (Gutierrez Mas et al. 2000). The turbidity blobs attenuates considerable the 
light available to the phytobenthos (Garcia-San Miguel 2010). Size and composition of 
sediment resuspended or deposited at the inner bay may vary from siliciclastic clay to 
sand with biogenic carbonated component, although the most representative sediment 
fraction is the siliciclastic silt (i.e. illite of grain size ranging 8-62 µm, Gutierrez Mas et 
al. 1997, Achab and Gutierrez Mas 2005). 
3.3. Benthic macrophytes in the inner Cadiz bay 
The bay of Cadiz has three out of the four European seagrass species: Zostera 
noltii Hornem. Cymodocea nodosa Ucria (Ascherson), which both thrive around the 
shoreline perimeter of the inner bay, and Zostera marina Linnaeus (located in a very 




prolifera Forsskaal (Lamouroux) is widely distributed across the outer and the inner bay 
(Morris et al. 2009) and it constitutes the most extensive habitat to benthic fauna (Rueda 
and Salas 2003). 
The fieldwork of this PhD Thesis has been developed in the SW corner of the 
inner bay, in a shallow and protected muddy area called Santibañez (36º28’N, 6º14’W). 
Benthic macrophyte distribution on this area shows a clear zonation pattern. From the 
intertidal to the subtidal locations (Fig. 4), distribution areas of Zostera noltii 
(intertidal), Cymodocea nodosa (from 0.40 to -0.50 m relative to the lowest 
astronomical tide, LAT) and Caulerpa prolifera (subtidal -0.08 to - 2 m LAT) are 
found. In the area between -0.08 and -0.50 m LAT, C. nodosa and C. prolifera cohabit 
forming a patchy landscape (Fig. 4D). 
Zostera noltii belongs to Zosteraceae family and it is characterized by an 
aboveground biomass composed by flexible and thin tape-like leaves (0.5-2 mm width 
and 0.04-0.35 m long, Fig. 4A) including a basal meristem (Brun et al. 2006). In the 
inner bay of Cadiz, the shoot density of this species is quite variable and follows a 
seasonal trend, ranging between 100 (winter) and 18000 shoots m
-2
 (early summer, 
Brun et al. 2006). Moreover, the distribution area of this species is highly affected by 
physical anthropogenic disturbances (i.e. shellfishing, boat anchoring scars), generating 
a highly fragmented landscape with numerous gaps or un-vegetated (bare) zones (e.g. 
Brun et al. 2003). 
Cymodocea nodosa belongs to Cymodoceae family (Fig. 4B) and its leaves are 
more elastic, wider (2-8.7 mm) and longer (0.05-0.98 m) than that of Z. noltii (Brun et 
al. 2006, De los Santos 2011). However, shoot density usually is 2 - 10 times lower than 




canopies were 2-fold more permeable to flow than Z. noltii ones (Morris et al. 2008). 
However, in situ studies are still needed to corroborate these results on nature. 
Caulerpa prolifera is a green macroalgae belonging to the family of 
Caulerpaceae (Fig. 4C). Its aboveground biomass is constituted by erect oval 
assimilators (7-50 mm size), which may be detached directly from a creeping stolon 
(primary assimilator) or from the main frond (Malta et al. 2005, Vergara et al. in press). 
When exposed to flow, frontal area of canopy only represents a thin friction layer for 
near bed currents. However, frond density is usually 2- to 20-fold higher than those of 
seagrass canopies. As a result, the velocity reduction in C. prolifera beds is very high 
(i.e. volumetric flow is 65-75% lower than those of bare bed) and it enhances relevant 
ecological processes such as sediment particle trapping (Hendriks et al. 2010). 
At the band between -0.08 and -0.50 m LAT, the distributions of C. nodosa and 
C. prolifera exhibit alternate patchy spatial patterns (Fig. 4D). This spatial structure 
must behave, in terms of ecological functioning, differently than homogeneous 
landscapes (Robbins and Bell 2000). Across this patchy landscape, a microtopographic 
pattern makes the C. prolifera beds to be 5-10 cm above the C. nodosa ones (Benavente 
et al. 2008). Therefore, in the inner bay of Cadiz there are three spatial types of benthic 
macrophyte discontinuities (i.e. patchiness, microtopography and fragmentation), 
making the interaction hydrodynamics - benthic vegetation more complex than expected 





Figure 4: Marine benthic macrophyte zonation pattern at Santibañez (SW inner bay of Cadiz). 
Distribution depth is referred to the low astronomical tide (LAT) (positive values are above LAT, 
negative values are below LAT). Photographs show (A) intertidal Zostera noltii meadow, (B) intertidal 
Cymodocea nodosa stand, (C) subtidal Caulerpa prolifera bed. Photograph D shows an aerial view of the 
patchy landscape formed by subtidal C. nodosa and C. prolifera populations. 
4. Thesis outline and specific objectives 
The current PhD Thesis is embodied in the outlines of the Spanish National 
Research Projects EVAMARIA (CTM 2005-00395), IMACHYDRO (CTM 2008-0012) 
and in the Andalusian Excellence Research Project FUNDIV (P07-RNM-02516). These 
projects focus on the study of the effect of key environmental variables, including 
hydrodynamics, on the primary productivity, structure and function of marine 
macrophytes from Cadiz Bay Natural Park (CBNP) at several spatial scales. Such 
approach requires the understanding of how marine macrophytes are able to modify 
their physical environment. Considering seagrasses as ecosystem engineers is generally 
based on their capacity to increase bed stability and sedimentation and to modify 
resources availability (i.e. nutrients and food particles) when compared to un-vegetated 




key turbulent variables). In achieving this general goal, two specific objectives need to 
be addressed: (1) the effects of marine macrophytes populations on spatial patterns of 
current velocity and turbulence, and (2) the potential consequences of such effects for 
nutrients and sedimentary dynamics. Since spatial homogeneity cannot be assumed 
along natural seagrass landscapes (e.g. the inner bay of Cadiz), it is needed to 
understand (3) how spatial discontinuities (i.e. patchiness, fragmentation or 
microtopography) would alter the macrophyte – hydrodynamic interactions. To cope 
with the overall objective, it will be examined the hydrodynamic effects of natural 
and/or simulated canopies for the three representative marine macrophyte species from 
the inner bay of Cadiz (i.e. Zostera noltii, Cymodocea nodosa and Caulerpa prolifera). 
The influence of spatial discontinuities is tackled by comparing the current flow 
environment in homogeneous versus sloped or fragmented bed, or by analyzing 
horizontal gradients from the edge of the meadows. 
On this basis, the PhD thesis is divided into four sections corresponding to the 
specific objectives. In the first part (chapter 1), the hydrodynamic effects of the 
transition between patchy areas of C. nodosa and C. prolifera beds are studied. In this 
context, chapter 1 focuses on the spatial patterns on velocity and turbulence for in situ 
horizontal gradients under tidally dominated conditions. The interpretation of “proxy” 
variables helps to infer the implications of this singular benthic transition for nutrients 
limitation at canopy scale. Second section of chapter 1 focuses on the effects of the 
microtopography using a patchy landscape C. nodosa – C. prolifera model. To do so, a 
small-scale transition zone C. prolifera – C. nodosa was simulated in a flume tank. This 
experiment tested the influence of (1) realistic free stream velocity levels (i.e. 0.065 and 
0.14 m s
-1




mixing and volumetric flow rate, being considered as the set of key hydrodynamic 
variables that control sediment deposition and bed stability.  
In the second part of the thesis (chapter 2), spatial sedimentation rates patterns 
within a single C. nodosa patch are studied using a flume tank with artificial plants and 
simulating three contrasting velocity levels. This study responds whether or not seagrass 
patches may act as sediment sinks even under the low flow environment (i.e. limited 
sediment transport) frequently described at CBNP, also helping to determine the critical 
thresholds of seagrass patch size for sedimentation success. The real role of seagrass as 
ecosystem engineers when limited depositional and sediment transport occurs is an 
aspect poorly understood of their ecology. 
Finally, the third part (chapter 3) studies the consequences of seagrass landscape 
fragmentation to the local solute transport. Advection and turbulent diffusion processes 
were achieved within natural (fragmented versus homogeneous) Z. noltii patches by 
employing dye tracer techniques and in situ velocity records. This study is also a 
pioneer approximation to the measurement of water renewal rate within seagrass 
patches, which is a key hydrodynamic variable determining nutrient availability due to 











Flow along benthic macrophytes 
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Within Cadiz Bay Natural Park, a mosaic of neighbouring Cymodocea nodosa 
(seagrass) and Caulerpa prolifera (macroalgae) patches comprises a zone with many 
edges that define the transition between each species. Previous flume studies 
demonstrated that these transitions generated spatially explicit hydrodynamic gradients 
affecting in both flow velocity and turbulence, which determine the transport of 
nutrients.  Edge effects were investigated in situ within a natural patchy landscape of C. 
nodosa and C. prolifera occurring in a shallow and low-flow tidal-environment. During 
a flood tide, vertical profiles of velocity components (u and w), turbulent kinetic energy 
(TKE) and vertical Reynolds stress (τR) over a 2.2. m long transect perpendicular to the 
boundary between the two species were measured. Vertical Reynolds stress was 
negatively related with u above the C. nodosa canopy, which may limit the response of 
turbulent vertical exchange to tidal current changes. A TKE peak was observed at 0.69 
m from the leading edge within the C. nodosa patch, suggesting a spatial limit to the 
edge effect. Recorded low velocities above canopies and the evidence of restrictions to 
turbulent exchange indicate the system as physically constrained. Gradients in turbulent 
energy and velocity resulting from seagrass patchiness are likely to have consequences 









Seagrass meadows are considered one of the most productive and valuable 
ecosystems of the biosphere (Constanza et al. 1997, Duarte and Chiscano 1999, Mann 
2000). They provide habitat and food resources for a broad range of organisms (Mc Roy 
and Helfferich 1977), enhance particle retention (Koch 2001) and increase bed stability 
(Granata et al. 2001). This ecological functionality is directly or indirectly due to 
modification of physical environment by the seagrass canopy.  
 Seagrass meadows interact with tidal currents modifying velocity profiles, 
turbulence and vertical advection (Gambi et al. 1990, Widdows et al. 2008). In general, 
flow velocities inside the seagrass canopy are reduced by the frictional effects of the 
vegetation (Fonseca et al. 1982, Koch and Gust 1999, Abdelrhman 2003) causing 
enhanced velocities above the canopy due to the redirection of the current (i.e. 
skimming flow). This effect contributes to the production of new regions of turbulence 
at the top of the canopy (Ghisalberti and Nepf 2002) and to the instability (reduction) of 
current velocity along a horizontal gradient (Peterson et al. 2004). Understanding these 
interactions between seagrass and hydrodynamics is important, as they control several 
essential diffusion-limited processes such as nutrients uptake (Thomas et al. 2000, 
Morris et al. 2008) and photosynthesis (Koch 1994). 
Although seagrasses tend to form continuous meadows, it is also frequent to find 
them as a patchy landscape (e.g. Salita et al. 2003, Brun et al. 2003). This patchy 
distribution can be a result of both natural and anthropogenic causes. For example, boat 
propellers (Zieman 1976), storm events (Preen et al. 1995) or algal mats (Cowper 1978) 
can generate gaps within the meadow, thereby producing a mosaic of un-vegetated and 




originated from environmental gradients in growing conditions (van der Heide et al. 
2010). Coexisting patches of several macrophytes species is another frequent type of 
landscape (Robbins and Bell 2000). In these patchy landscapes, meadow edges are very 
important features, since at the transition zones (boundaries between neighbouring 
patches), the hydrodynamic patterns diverge from that observed within homogeneous 
beds (Folkard 2005, Morris et al. 2008). 
Understanding the downstream hydrodynamics associated with edge effects is a 
first step towards discerning biological consequences of patchy macrophyte landscapes. 
Previous works in flume tanks have described  hydrodynamic as function of distance 
from the vegetation leading edge (e.g. Fonseca et al. 1982, Gambi et al. 1990, Morris et 
al. 2008) or in relation to adjacent patches (Folkard 2005, Maltese et al. 2007). These  
studies showed that (1) inside the canopy water velocity decelerated, (2) once skimming 
flow was established, it was maintained along the canopy (Gambi et al. 1990), and (3) 
in between two nearby patches, the turbulent wake of the first patch was dissipated by 
the presence of a second one (Folkard 2005).  Furthermore, these small-scale variations 
in hydrodynamics where shown to generate spatial-explicit physiological responses by 
the individual components of the macrophyte communities (Morris et al. 2008). 
Unfortunately, conclusions obtained from flume tank experiments are limited 
because of the restricted physical conditions (Nowell and Jumars 1987). Laboratory 
conditions may generate artefacts in skimming flow and turbulence intensity (Gambi et 
al. 1990, Fonseca and Koehl 2006). Moreover, downstream wakes due to skimming 
flow may be modified in comparison to field conditions, where there are no lateral 
restrictions to the flow (Hendriks et al. 2006, Morris et al.  2008). Until now, very few 
edge effect studies have been carried out in natural seagrass meadows (Fonseca et al. 




The present fieldwork focuses on the velocity and turbulence patterns caused by 
edge effects within a seagrass-macroalgae patchy landscape (Cymodocea nodosa and 
Caulerpa prolifera, respectively) in a shallow, protected tidal bay. We hypothesize that 
edge effects do generate horizontal hydrodynamic gradients, as described in flume tank 
experiments, but due to the absence of lateral restrictions to the flow, with a different 
magnitude and spatial scaling.  We compare the trends recorded in previous flume tank 
literature with our field observations to asses (1) whether the phenomenon of vertical 
flow re-direction (skimming flow) occurs in the field and (2) whether the magnitude and 
spatial scale of effects on turbulence are similar. Finally, the potential consequences of 
these hydrodynamic effects in ecological processes are considered. 
 
MATERIAL AND METHODS 
Study site 
The study was conducted in Cadiz Bay Natural Park (SW Spain, 36º 29’N-
6º15’W). The bay is an Atlantic system dominated by tidal currents of medium range 
during spring (ie. average tidal range of spring tides between 2-4 m, Davies 1964). It is 
divided into 2 basins: a shallow inner bay (3 m mean depth at low water, MLW, Freitas 
et al. 2008) and a deeper outer bay (12 m mean depth MLW). Measurements were 
carried out in the South-West corner of the inner Cadiz Bay (Fig.1) which is covered for 
more than 90 % by benthic macrophyte communities (Morris et al. 2009). Among 
dominant species, the seagrass Cymodocea nodosa Ucria (Ascherson) and the benthic 
macroalgae Caulerpa prolifera Forsskaal (Lamouroux) are distributed according to a 
general depth zonation, in shallow-subtidal and deep-subtidal areas, respectively. 




mixed or patchy populations of C. nodosa and C. prolifera are common. Furthermore, a 
smooth slope of about 10% and a gradient on height of C. nodosa canopy was achieved 
within this area. 
 
 
Figure 1. Map of location of the sampling site and meteorological station.  
 
Gradient characteristics: canopies and microtopography 
In situ horizontal gradient was investigated in one representative transect across 
adjacent patches of Caulerpa prolifera and Cymodocea nodosa. Measurements were 
carried out using four 3D acoustic Doppler velocimeters (ADV, see description below) 
mounted into a PVC frame. Individual velocimeters  were placed at 0.77 m before the 




between the patches) and two additional positions within the C. nodosa canopy (0.69 m 
and 1.46 m from the leading edge, Fig. 2). The position space (0.75 m) was designed to 
provide a handy PVC frame that would be able to cover the maximum horizontal 
variability. 
The measuring cell of every velocimeter was fixed to read at the same distance 
from the water surface. The microtopography of the measuring transect was determined 
by divergences of measuring cell - bottom floor distances among the velocimeters (Fig. 
2). As a 0.2 m difference in the depth of the sediment surface was found between the C. 
prolifera and C. nodosa beds, zero depth was set as the sediment surface at 1.46 m 
within C. nodosa bed.  The canopy height (above the sediment surface) was between 0.3 
and 0.5 m and shoot density of C. nodosa, estimated with a 0.2x0.2 m
2
 minimum 
sampling area, 356 ± 60 (standard error) shoots m
-2
 (n = 4 sampling areas). C. prolifera 
canopy height was measured in situ and resulted 0.1 m, whereas fronds density was 
recorded independently with a 0.3x0.3 m
2
 minimum sample area. When estimated, the 
secondary proliferations from the original fronds were not considered (ie. only ‘primary 
assimilators’ were counted, Malta et al. 2005) and a total of n=10 stolons were 















































































































































































Hydrodynamics measurements in the field 
Four 3D acoustic Doppler velocimeters were used for data acquisition: 2 Vectors 
(x=-0.77 and 0 m), 1 Vectrino (x=1.46 m) and 1 Nortek Doppler Velocimeter (NDV, 
x=0.69 m), all of them from Nortek AS. The velocimeters provided detailed 
measurement of the three velocity components (u, v and w) allowing calculation of 
turbulence terms. Sampling rates were selected at the maximum possible for each 
device (64 Hz for Vectors and Vectrino, and 25 Hz for NDV). 
Every 4 minutes the height of the frame was set to a different vertical position so 
as to collect profiles of the velocity components (i.e. 2000-5000 data for each measuring 
point). Two vertical profiles separated in the beginning by 30 min (ie. 1.5 and 2 hours 
after low tide, profile 1 and profile 2 respectively) were collected for every velocimeter 
position. Measurements were carried out at 0.53, 0.73, 0.93, 1.03, 1.13 and 1.18 m (or 
1.33 m for the second profile) above the reference sediment surface (ie. reference 
surface set at the sediment level located at 1.46 m downstream, Fig. 2). Water column 
height difference due to the delay of both profiles was just 0.2 m. 
Tides and meteorological conditions 
The hydrodynamic measurements were performed during the flood tide (2.9 m 
tidal range), once the canopies were submerged. Wind direction and velocity were 
obtained from Andalusian Department of Environment (Subsystem of Environmental 
Climatic Information, CLIMA). The location of the meteorological station is indicated 
(Fig. 1). Wind velocity (between 7 and 8 Km h
-1
 or 4 Knots) and the direction (230º 
South-West direction) remained constant during the measurements. These values 
represented very small wavelets according to Beafourt wind scale and particular calm 




higher wind speed than present work (16 Km h
-1
, 270º West direction) yielded a 
negligible average wave height (0.27 cm). 
Data processing 
Prior to processing, the hydrodynamic database was filtered and the reference 
system rotated to fix the x-axis as the main velocity direction (in our case, the main 
velocity direction was N-S), which was approximately perpendicular to the edge of the 
C. nodosa canopy. Data with a beam correlation below 70% were rejected (Folkard 
2005, Bouma et al. 2007). Rotation was carried out using the angle formed clockwise in 
between the N direction and the velocimeter x-direction (α), according to Kundu (1990): 
     sincos 00 vuu                                                            (eq. 1) 
     sincos 00 uvv                                                             (eq. 2) 
where u0 and v0 are the original (measured) velocity components, u and v are the rotated 
velocity components and α is the rotation angle. The u component represented the main 
current direction (N-S), v component was perpendicular to N-S and w was the vertical 
component. 
Data analysis 
To describe the effects of benthic macrophytes on the local hydrodynamics and to 
understand the associated feedback effects, the following variables were considered: (1) 
u profiles; (2) turbulent kinetic energy (TKE), as an indicator of turbulence dissipation 
along the gradient (Denny 1988); (3) vertical Reynolds stress (τR) as indicator of 
vertical transport and mixing (i.e. exchange processes between canopy and overlaying 
water column; Velasco et al. 2003, Peralta et al. 2008, Hendriks et al. 2010), and (4) 




which controls processes such as nutrient uptake (Thomas et al. 2000). Furthermore, the 
relationship between τR and u was studied as a proxy for vertical mixing processes, as 
well as w was plotted against u to evaluate vertical current re-direction. 
The 3D Doppler velocimeters provide detailed information on the three velocity 
components (u, v, w): 
                   
'uuu 
 (eq. 3)  
'vvv                                                                                 (eq. 4) 







w  are the time-averaged values and u’, v’, w’ the fluctuations from the 
averaged velocity components, respectively. These components allow the estimation of 




wvuTKE   (eq. 6) 
''wuR   (eq. 7) 
Finally, the Stanton Number (St, eq. 8) is a non-dimensional ratio between mass 
flux to a surface and its advection past the surface (e.g. leaves surface), and according to 
Thomas et al. (2000) the efficiency of nutrient transfer in seagrass communities scales 
with the (-0.6) power of bulk velocity (ub). 
6.0
 buSt  (eq. 8) 




Statistical differences in hydrodynamic variables (u, w, TKE and St) were tested 
by non-overlapping of the 95 % confidence intervals (95% CI). Standard error of St was 
computed from transformed variance of u (σ
2
 ub) using Taylor’s theorem (eq.9): 
   bbSt uu 2
26.12 6.0 

  (eq. 9) 
Significant correlations between combinations of hydrodynamic variables were 
assessed using the product-moment correlation coefficient. Data from different depths 




Distance from the leading edge (x) significantly affected the u profiles (Fig. 3 A-
D). A clear acceleration of flow was observed at the top of the C. nodosa canopy (z = 
0.53-0.73 m) at x = 0.69 m and x = 1.46 m, with values ranging between 0.025 and 
0.035 m s
-1
 (Fig. 4). Contrastingly, values were lower than 0.01 m s
-1
 at the same 
canopy height when measured at the edge of C. nodosa patch (x = 0) or above the C. 
prolifera vegetation (x = -0.77 m). However, close to water surface (z ≥ 1.13 m), u 
effectively decreased a 50% behind the leading edge (i.e. 0.035 m s
-1
 at x = 0 m, and 
0.02 m s
-1
 at x = 0.69 and 1.46 m). 
Short term increase of tidal flow did not change the u profile (Fig. 3 A-D). Profile 
2 exhibited a quite similar pattern than profile 1 (i.e. around 0.030 m s
-1
 at x = 0.69 m 
and around u = 0.035 m s
-1
 at x = 1.46 m from the leading edge). Most measurements 




closest to the water surface (i.e. for z  ≥ 1.13), where u  increased by 25% from profile 1 
to profile 2. 
When comparing horizontal (u) and vertical (w) components (Fig. 4), w was one 
order of magnitude lower than the u component, ranging between -0.002 and 0.007 m   
s
-1
 and the lowest values recorded at x = 1.46 m. In most cases, there was a low 
ascending movement of water (i.e. w > 0), suggesting that the flow was mostly directed 
upwards from the leading edge. On a horizontal plane, flow direction was generally 
constant at all depths and x-positions (i.e. North-South), with deviations during the 
measuring period of less than 10º except at the top of the canopy (graphs not shown). 
On this position, the angle of deviation reached maximum values of 22º, meaning that 





































































































































































































































































































































Figure 4. Spatial orientation of the water movement on the vertical plane Z-X at the studied system. 
Vertical component of arrows represents w component of velocity. 
 
TKE profiles and vertical Reynolds stress   
TKE profile showed spatial variation with distance to the leading edge (Fig. 3 E-













detected at x = 0.69 m (Fig. 3G), with two peaks, one on top of the canopy (z = 0.53 m) 
and another at z = 1.13 m above the seabed, respectively. This layer of high turbulence 
indicates the existence of a region of fluctuating velocity (i.e. wake or vortices), which 
is dissipated downstream. Profile 2 showed that tide evolution also affected the TKE 
pattern at x = 0.69 m (Fig. 3G). At this distance, the second profile showed a much 
smoother TKE trend than the first one, with a disappearing of the peak near the water 
surface (z = 1.13 m) and, therefore, exhibiting a maximum value on top of canopy (z = 




The vertical Reynolds stress (τR) at the top of the canopy also showed spatial 
variations (Fig. 5). At x = 0.69 m behind the leading edge, τR was 100 times higher than 
that at x = -0.77 m (before the leading edge) and 10 times higher than that at x = 0 m. In 
spite of the high τR error at x = 0.69 m, τR means were significantly different to the 
values at the other x-positions. Positive τR values at x = 0.69 m indicates the existence 
of a transfer of turbulent moment from the water column towards the canopy, whereas 
the slightly negative τR values at the other positions would indicate the opposite. 
 There was a significant negative correlation between τR and u above the C. 
nodosa canopy (ie. at x = 0.69 m and x = 1.46 m from the leading edge), whereas above 
C. prolifera (x = -0.77 m) and at the leading edge (x = 0 m) there was no correlation 
(Fig. 6). In the C. nodosa canopy a negative correlation means that turbulent transfer 
due to changes in velocity is opposite to the expected one (i.e. a positive correlation 
between τR and u). Thus, at high current velocity the vertical mixing processes at the 













) at the top of the canopy along a gradient from 
Caulerpa prolifera to Cymodocea nodosa (x = 0 indicates the leading edge of the C. nodosa patch). Error 
bars represent 95% confidence intervals. 
                                      
      
Figure 6. Correlation between the main velocity component (u) and vertical Reynolds stress values (Re 
stress) before and at the edge of the Cymodocea nodosa patch (A) and above it (B). 
 
Stanton number (St) above Cymodocea nodosa canopy 
Error bars of St were lower than the range of mean, but high enough to overlap 
the values of St at the different horizontal positions (Fig. 7). The St above C. nodosa 




(Fig. 7) suggesting a constant physical transport limitation downstream. The constant St 
found would indicate that the positive effects on mass transfer due to local 
hydrodynamics are not maxima at the edge of the patch neither at the sampled gradient. 
 
Figure 7. Values of St, a hydrodynamic indicator of nutrient transfer efficiency, along a gradient from 
Caulerpa prolifera to Cymodocea nodosa (x = 0 indicates the leading edge of the C. nodosa patch). Error 
bars represent 95% confidence intervals. 
 
DISCUSSION 
Fieldwork is a central issue needed to contrast the validity of the submersed 
vegetation–hydrodynamic models developed under non-natural conditions (ie. flume 
tank or in situ flume work, see Fonseca et al. 1982 vs. Fonseca et al. 1983). Given that 
previous studies about edge effects developed under natural conditions (ie. direct 
measurements) are limited (e.g. Fonseca et al. 1983, Peterson et al. 2004), our field 
study has shed light on how particular conditions promoted by canopy transition 
interacts with hydrodynamics. The existence of vegetated edges or the transition to 




generated spatial gradients on turbulence dissipation. Such effects likely affect 
hydrodynamic-mediated processes like resources availability to the seagrass meadow 
and associated community (ie. nutrients and food supply, Thomas et al. 2000, Brun et al 
2009). 
Current speed and flow redirection 
The main component of velocity (u) was within the range of previous estimations 
in the inner Cadiz Bay (0.001 – 0.05 m s
-1
; Kagan et al. 2003). These values are lower 
than those frequently assayed within flume tanks, but common in tidal systems (e.g. 
Bouma et al. 2005). As previously observed in flume tanks for similar velocity levels 
(Morris et al. 2008, data not shown), the low flow did not produce a strong plant 
deflection on natural Cymodocea nodosa stands, implying that natural populations do 
not behave as a solid obstacle as described by Fonseca et al. (1982) for Zostera marina.  
Even without the lateral restrictions from flume tank experiments, there was an 
increase in velocity on the top of the canopy. This effect differed along C. nodosa 
transect, with u increasing a 100 % at x = 0.69 m and a 200 % at x = 1.46 m with 
respect to the values observed at the same height above the Caulerpa prolifera bed (x = 
-0.77 m; z = 0.53 m). The observed pattern could be explained by the establishment of 
an incipient skimming flow (Gambi et al. 1990, Fonseca and Koehl 2006), showing that 
this effect is also present in natural patches from shallow environments. However, the 
low w recorded (Fig. 4) suggests that the magnitude of the flow redirection was smaller 
in situ than under flume tank conditions (Morris et al. 2008). Such reduction could be 
attributed to lateral flow around patches (Nowell and Jumars 1987), but also to the poor 
shoot deflection and canopy compaction due to the low natural free stream velocity. 




arrangement, it seems clear that such landscape topology must strongly affect 
qualitatively and quantitatively to current redirection (Granata et al. 2001, Luhar et al. 
2008). 
Turbulence levels 
Maximum τR values had been previously reported before or at the leading edges, 
and explained comparing the canopy with a consistent physical obstruction causing drag 
(Granata et al. 2001, Thompson et al. 2004). In our case, data exhibited a significant 
downstream increase on τR, implying that (1) the canopy is not acting like a physical 
obstruction (ie. low shoot density and high permeability to flow), and (2) drag forces are 
reduced and do not cause high stresses at the leading edge. Hence, under conditions of 
reduced drag the edge of natural canopies could not be considered as the most active 
zones of vertical turbulent exchange. This idea is consistent with results reported on a 
flume tank experiment with Z. marina (Fonseca et al. 2007). In such study, drag forces 
were minimized by canopy orientation so the turbulent mixing increased downstream 
(ie. it was not maximum at the leading edge).   
A significant negative correlation between u and τR was found above the 
Cymodocea nodosa patch, which was not observed neither before nor at the patch edge 
(Fig. 6). Consequently, velocity changes due to the tidal current must have limited the 
effect on τR above the canopy, and therefore in the canopy-water column exchange rate, 
with reduced nutrient turnover rates in the canopy as a result. Nutrient limitation has 
been previously related to low turnover rates due to low volumetric canopy flow rates 
(Morris et al. 2008, Peralta et al. 2008). In addition, C. nodosa meadows thriving at 
Cadiz Inner Bay could be considered as a physically limited system because of (1) the 




effectively increased by tides. In fact, tides are less effective in mixing the water column 
in seagrass meadows than waves (Koch and Gust, 1999). 
Our data exhibited a TKE peak at x = 0.69 m that decreased downstream. The 
dissipation of the turbulent peak implies that turbulent structures generated by the 





) at 0.2 m from the C. nodosa leading edge (at 0.30 m s
-1
 free stream 
velocity). Despite a considerable difference on free stream velocities (0.30 vs 0.05 m s
-
1





). For 0.05 m s
-1
 free stream velocity, flume tank experiments also showed 
a gradual TKE increase downstream from the leading edge (Morris et al. 2008). 





TKE differences in magnitude and scale (i.e. distance) with respect to flume tank 
studies imply that scaling edge effects to natural systems needs to be done carefully. 
Ecological consequences 
Edge effects associated with patchy seagrass landscapes generate further spatial 
gradients on biological responses concerning to mass transfer process, like 
photosynthesis, nutrient uptake or food supply (Fonseca and Kenworthy 1987, Thomas 
et al. 2000, Brun et al 2009). For instance, water-column ammonium is a key nitrogen 
source for seagrasses (Tourchette and Boulkholder 2000) and foliar uptake within a 
seagrass bed is spatially explicit affected by hydrodynamics (Morris et al. 2008). In situ 
observations in seagrass plants pointed out that ammonium transfer was physically 
limited at velocities lower than 0.3 m s
-1
 (Thomas et al. 2000). In the present work,  
horizontal gradients of mass transfer were evaluated using an estimation of the Stanton 




C. nodosa ammonium assimilation rates (Morris et al. 2008). The results showed St did 
not change from outside to inside the C. nodosa patch (Fig. 7), suggesting than spatial 
patterns on mass transfer, and therefore in nutrient uptake, are not expected to be found 
in the field for assay conditions. Constancy in St has agreed with in situ measured 
uptake rates, which revealed that the highest N uptake did not occur close to the edge of 
C. nodosa patches (Morris et al. in prep.) but not with a previous flume tank 
experiment, which obtained a maximum uptake at the leading edge (Morris et al. 2008). 
Conclusions of that study involved that, given the same aboveground biomass, patchy 
seagrass landscapes should be able to uptake more nutrients than homogeneous 
landscapes. However, prediction power of St should be taken carefully before excluding 
any physiological consequences deduced from edge effects because, as defined by 
Thomas et al. 2000: (1) ub (z-averaged velocity) could not be accurately reflecting the 
small scale variations on velocity that involves spatial patterns on physiological 
responses, and (2) the empirical relationship between ub and St was deduced from 
declining frictional effects because of plant deflection, whereas deflection was absent in 
our canopy.  
 
CONCLUSIONS 
In conclusion, patchy landscapes of Cymodocea nodosa spatially affect to in situ 
flow velocity, flow direction and patterns of turbulence. Our data pointed out that C. 
nodosa edge effects displayed differences and analogies with flume tank studies, 
especially regarding the establishment of a skimming flow and the position of 
maximum turbulence. Whereas a turbulence gradient existed along our horizontal 




homogeneous transfer of resources. Vertical Reynolds stress was negatively correlated 
with u above the canopy, limiting the response of turbulent vertical exchange to tidal 
flow. Considering low flow environments as physically limited by resources supply (C, 
N) seems reasonable from a hydrodynamic point of view. Therefore, this type of 
systems is excellent to study ecological and physiological consequences of 
hydrodynamic effects on seagrass landscapes. 
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The green rhizophytic algae Caulerpa spp. is a classic space competitor for 
seagrass habitats and its spread is usually attributed to a rapid clonal growth combined 
with a high capacity to modify sedimentary dynamics. At the Cadiz Bay Natural Park 
(CBNP), Caulerpa prolifera and Cymodocea nodosa (seagrass) usually occur in 
overlapping patches called transition zones (TZs) and a sloped microtography causes 
that C. prolifera beds are located 5-10 cm above the C. nodosa ones. We tested the 
hypothesis that hydrodynamic effects of the sloped microtopography promote 
sedimentary conditions at C. nodosa bed boundaries, therefore facilitating C. prolifera 
spread. To evaluate such effects, a TZ between C. prolifera and C. nodosa patches was 
simulated in a flume tank to test the influence of (1) free stream velocity (LV=0.065 and 
HV=0.14 m s
-1
) and (2) microtopography (flat and sloped) on bed shear stress (τ), 
turbulence above canopies (TKE) and volumetric flow rates through the canopies (Qc). 
The comparison of τ values with theoretical thresholds revealed that, under these 
experimental settings, (1) there were no conditions for erosion, (2) hydrodynamics was 
favorable to sedimentation within C. nodosa beds regardless velocity treatment, and (3) 
there was a low sedimentation probability in C. prolifera beds under HV conditions. 
Sloped microtopography did not significantly affected τ, but caused a large velocity 
reduction and halved Qc when compared to flat beds. Overall, results suggest (1) more 
favorable sedimentation conditions in C. nodosa than in C. prolifera beds, and (2) 
sloped microtopography may only facilitate this contrasting effect during HV conditions 
(i.e. with gentle sediment availability). Results also highlight that an accurate analysis 





Seagrass meadows are suffering a severe decline worldwide (Orth et al. 2006), 
offering chances to opportunistic species, exotic or/and local, to invade these habitats 
(Meinesz et al. 2001, Piazzi et al. 2001, Occhipinti-Ambrogi and Savini 2003, Stafford 
and Bell 2006, Tweedley et al. 2008). The green rhizophytic algae Caulerpa spp. is a 
classic competitor for seagrass habitats. There are numerous reports on Caulerpa spp. 
expansions, such as C. racemosa (Piazzi et al. 2001), and C. taxifolia at the 
Mediterranean Sea (Meinesz et al. 2001), or C. prolifera at Lassing Park, Florida 
(Stafford and Bell 2006). The genus Caulerpa exhibits an array of spreading strategies 
that benefit their spatial competition capability against seagrasses, including both, 
random dispersion mechanisms, such as fragmentation (Smith and Walters 1999) or 
sexual reproduction, and direct space preemption strategy by clonal growth (e.g. 
Stafford and Bell 2006, Wright and Davis 2006). For C. prolifera the clonal expansion 
throughout stolon growth seems more effective than by thallus fragmentation (Stafford 
and Bell 2006). Under high sedimentation rates scenarios, such rapid reproduction 
mechanism likely favor the space colonization chance when compared to seagrasses. 
The burial scenarios also imply enrichment in organic matter, enhanced sulfide pools 
and decreases in redox potential, and all of these factors provide comparative advantage 
to Caulerpa spp. (Piazzi et al. 2005, 2007, Holmer et al. 2009). 
Species-specific differences in sedimentation rates among macrophyte sharing the 
same habitat have been previously observed (Gacia et al. 2003, Hendriks et al. 2010), 
and this fact may create sedimentary gradients along overlapping distribution areas (i.e. 
transition zones, TZs). At TZs, the conjunction of (1) sedimentary gradients, and (2) 
their contrasting outcomes to macrophytes spreading, evidence that physical studies are 




et al. (2010) reported that Caulerpa prolifera canopies have a sediment trapping 
capacity 2.5 fold higher than that of seagrass canopies such as Posidonia oceanica or 
Cymodocea nodosa. This large trapping capacity was attributed to the increased 
transport of particles resulting from a reduced shear force (Reynolds stress) in the near-
bottom regions and a high turbulent mixing above the canopy (Hendriks et al. 2010). On 
the other hand, seagrass meadows capacity to stabilize and retain sediments is generally 
related to a reduction of water velocity within the canopy (Fonseca and Fischer 1986, 
Almasi et al. 1987, Gacia et al. 1999, Hendriks et al. 2010). In spite of the distinct 
nature and magnitude of their interaction with flow (Hendriks et al. 2010), there are no 
previous reports addressing the effects of TZs between adjacent Caulerpa prolifera and 
Cymodocea nodosa patches.  
The most abundant macrophytes thriving at Cadiz Bay Natural Park (CBNP, 
Spain) are the chlorophyte alga Caulerpa prolifera Forsskaal (Lamouroux) and the 
seagrass Cymodocea nodosa Ucria (Ascherson), occurring in a wide belt around the bay 
where the patch edges on both species tend to overlap (Morris et al. 2009). Such 
overlapping area is what we have called the transition zone (TZ). Differences in bottom 
microtopography have been observed in previous studies, with C. prolifera beds usually 
occurring at 5-10 cm above the C. nodosa ones (Benavente et al. 2008). Carpenter and 
Williams (1993) demonstrated that differences in microtopography modify the 
macrophyte-hydrodynamic interactions in turf algae. Microtopography would add 
resistance to the flow and intensify benthic shear stress at elevated areas (Walter 1971), 
but also would favor sedimentation in depressed environments (Carpenter and Williams 
1993). The interaction between microtopography and sedimentation processes may also 
affect the abundance of macrophytobenthos (e.g. Irving and Connell 2002). Hence, 




microtopography and vegetation types is especially important at the TZs where 
macrophytes coexist and compete.  
We hypothesize that the presence of microtopography at the TZs between 
Cymodocea nodosa and Caulerpa prolifera patches, as observed at Cadiz bay, will 
affect hydrodynamic variables controlling the sedimentation processes. In more detail, 
we hypothesize that these outcomes enhance sediment transport and deposition at the 
TZ, what probably will promote the spreading of C. prolifera. For this purpose, we 
evaluated in a flume experiment the hydrodynamic effects of microtopography at the TZ 
between Cymodocea nodosa and Caulerpa prolifera patches. The hydrodynamic 
variables evaluated were velocity patterns, bottom turbulence and volumetric flow rate 
through the canopy. The effects in these variables were tested for two free stream 
velocities within the natural velocity range observed in Cadiz bay. Spatial gradients on 
bed shear stress were also analysed in comparison with sedimentation/erosion 
thresholds. 
MATERIAL AND METHODS 
Plant collection and spatial arrangements 
Specimens of Caulerpa prolifera and Cymodocea nodosa were collected from 
Cadiz Bay Natural Park (CBNP, SW Spain, 36º28´12.79´´N, 06º15´7.07´´W) in May 
2008. The collecting area is a shelter and tide-dominated coastal lagoon profusely 
vegetated (Morris et al. 2009). Collected plants were cleaned, wrapped in moist tissue 
paper and sent to the NIOO-CEME laboratory (Yerseke, The Netherlands), 12 days 
before beginning the experiment. Upon arrival, plants were kept in a filtered natural 
seawater tank with aeration (salinity 31, temperature 18ºC) under a 14 h photoperiod at 








mercury lamps at night. Special care was taken to prevent any release of C. prolifera to 
the local environment, and flume water was disposed onto the freshwater sewage 
system. 
A 2 m long bed was constructed within the flume tank test section by planting 
Caulerpa prolifera and Cymodocea nodosa specimens into ten siliceous sediment boxes 
(details in the next section). Stolons of C. prolifera and rhizomes of C. nodosa were 
buried, ensuring that fronds and shoots remained emerged. Plant density, leaf length and 
leaf area index were similar to those observed in summer at CBNP (table I, Hernandez 
et al. 2010, Vergara et al. 2012). Regardless of the microtopography treatment, the 
upstream end of the test section was planted with C. prolifera (0.8 m x 0.6 m), whereas 
the downstream end of the test section was shared by Cymodocea nodosa (1.2 x 0.3 m, 
left side, CN in Fig. 1, table I) and Caulerpa prolifera (1.2 x 0.3 m, right side, CP in 
Fig. 1). The downstream area occupied by both species (1.2 x 0.6 m) is considered the 
transition zone (TZ in Fig.1). 
Flume tank and hydrodynamic measurements 
The flume tank used for this work was a 10 m
3
 unidirectional flow ‘race track’ 
with a 0.6 x 2 m test section (for further details, see Jonsson et al. 2006). The test 
section was entirely occupied by ten stain steel boxes (0.390 x 0.285 x 0.150 m
 
each). 
Each box was planted with either Cymodocea nodosa or Caulerpa prolifera specimens. 








Table I. Plant density, leaf length and leaf area index of Caulerpa prolifera and Cymodocea nodosa 
canopies used during flume tank experiment.   
 
 
Figure 1. (A) Photography of experimental set-up with Caulerpa prolifera bed (left), gravel 
microtopography and Cymodocea nodosa bed (right). (B) Scheme of plant configurations before and 
along transition zone (TZ), for flat (up) and sloped (down) microtopography. 
 
Variables / Species  
 
C. prolifera (± SE)  C. nodosa (±SE) 
Plant density  




Leaf length (cm) 
 
4.7(±0.59) 20.35(±2.88) 












The microtopography treatment had two levels: flat and sloped. The latter one was 
achieved by raising the Caulerpa prolifera boxes 0.1 m with respect to the Cymodocea 
nodosa ones (Fig 1B). Undesired effects due to sharp vertical edges were avoided by 
making a smooth 3 m slope (3%) upstream of the test section. Since C. nodosa bed was 
depressed compared to C. prolifera one, the steps between boxes were smoothed by 
adding fine-gravel slopes (see details in Fig. 1A). The water column height on the flume 
tank varied between 0.32 - 0.42 m depending on the microtopographic level. 
The free stream velocity treatment had also two levels, low velocity (LV, 0.065 m 
s
-1
) and high velocity (HV, 0.14 m s
-1
). Sedimentary dynamics at CBNP is mainly 
controlled by East wind induced events of sediment re-suspension associated with high 
current velocities, and subsequent tidal transport along the inner part of the bay (Alvarez 
et al. 2000, Gutierrez-Mas et al. 2000). Given that such dynamics occurs along the 
natural transition zones, experimental design represented events of high current velocity 
by including a treatment of peak velocity (HV, maximum values predicted for windy 
conditions by Kagan et al. 2003). 
The 3 velocity components (u, v and w) were measured at 10 Hz with an acoustic 
Doppler velocimeter (ADV, Nortek field version), during 270 seconds following a 3D 
grid with 280 points. The points were distributed as 7 x-locations (at -0.15, -0.05, 0.1, 
0.15, 0.30, 0.60 and 0.90 m from the C. nodosa leading edge), 4 y-positions (at -0.20, -
0.10, 0.10 and 0.20 m from the flume tank cross section center) and 10 z-locations (at 
0.01, 0.02, 0.03, 0.04, 0.06, 0.08, 0.10, 0.15,0. 20 and 0.24 m above the bottom of C. 
prolifera bed and at 0.03, 0.04, 0.06, 0.08, 0.10, 0.12, 0.15, 0.18, 0.20 and 0.24 m above 
the bottom of C. nodosa bed, Fig 1B). For the sloped treatment, the 3D grid z-locations 




canopy were measured at every x-position by drawing the projected area on the test 
section window. 
Hydrodynamic variables 
Data with beam correlations below 70% were filtered (Bouma et al. 2007, Morris 
et al. 2008), remaining at least 2000 data per 3D grid point. The velocity components 
were estimated as the time-averaged values of the filtered data, and analyzed according 
to equations 1, 2 and 3:  
'u uu   (eq. 1)  
'v vv   (eq. 2) 
'w ww  (eq. 3)  
where u, v and w are the instantaneous velocity components, u , v  and w  are the 
averaged components, and u’, v’ and w’are the fluctuation terms. 
The fluctuation terms were used to estimate turbulent variables such as turbulent 




, eq. 4):  
  )'''(*5.0 222 wvuTKE   (eq. 4) 
The TKE values were measured close to the top surface of both Cymodocea 
nodosa and Caulerpa prolifera canopies. This position allows estimate the magnitude of 
the turbulent mixing above the canopy, what can be used as a proxy for the magnitude 
of sediment transport from the overlaying flow into the canopy (Hendriks 2010). The 
effects of microtopography and free stream velocity treatments on TKE above the 
canopy were tested with a two-way ANOVA of log-transformed values (n=8, 




factor to the total variance was estimated from the sum of squares (SS) between 
treatments. 
The bottom shear stress ( , Pa, eq. 5) is a turbulence variable used as a proxy for 
bed stability and sedimentation probability (e.g. Fonseca and Fischer 1986, Zong and 
Nepf 2010). In our case, it was used as a proxy to compare the spatial patterns on 
sedimentation probability for C. prolifera and C. nodosa beds. Values of   were 
estimated at 0.03 m from the bottom floor using the TKE method. This method is 
specially recommended for estimating    in complex bed forms like this one (Biron et 
al. 2004): 
TKEC  1  (eq. 5) 
where   is bottom shear stress (Pa), C1 is a constant (C1=0.19, Soulsby 1983), ρ is 
water density (1025 Kg m
-3




). A three-way 
ANOVA with log-transformed values (n = 8, significance level = 0.05) was used to test 
the occurrence of significant effects of current velocity, microtopography and species 
bed composition on the bottom shear stress. Species composition was considered a 
nested factor on microtopography. The corresponding SS between treatments was used 
to calculate the contribution (percentage) of each factor to the total variance. Values of 
  contour maps (software Surfer 8.05) were also performed for both flat and sloped 
levels following the Kriging method. Sloped microtopography maps were depicted as 
separated interpolations for C. prolifera and C. nodosa beds. 
Analysis of bed stability and sedimentation probability due to the different 
macrophyte species were performed along cross-stream (y) and downstream (x) 
gradients of  . For this purpose, theoretical thresholds for erosion (τcr) and 




µm) and composition of field recent sediments: clay (illite, d≈4 µm, ρ=2800 kg m
-3
), silt 
(illite, d≈44 µm; ρ=2800 kg m
-3
) and fine-sand (quarz, d≈280 µm, ρ=2600 kg m
-3
) 
fractions (Gutierrez-Mas et al. 1997, Achab and Gutierrez-Mas 2005). The τcr 
predictions were achieved by two standardized curves modified from Shield’s diagrams 
(eq. 6 and 7), which depend on a dimension particle size (D*, eq. 8) (van Rijn 2007): 
  5.0*115.0  Dcr  ; for D* < 4 (eq. 6) 



























  (eq. 8) 
where ρs (kg m
-3
) is the particle density, ρw is the seawater density (1025 kg m
-3







) is the kinematic viscosity of the water at 15ºC. Values of τsed were 
predicted with the empirical relationship reported by Self et al. (1989) (eq. 9): 
  76.2)(*76.0)( 1010  dLogLog sed                                        (eq. 9)  





used as a proxy for the suspended sediment supply rate to the canopies. To estimate Qc 
the procedure followed was: (1) the TZ (i.e. 1.2 m on the test section) was laterally 
divided in 4 proportional sections (i.e. 0.15 m width each by 1.2 m length, each section 
is indicated as yw1/4 in eq. 11). This division leaves two sections with Caulerpa prolifera 
on one flume tank side and two sections with Cymodocea nodosa on the other side; (2) 
on each section, the velocity profiles were vertically and transversally integrated 
rendering the Qi values (equation 11); (3) Qc was finally estimated as the addition of the 
different Qi values (eq. 10). The values of Q above the canopy were calculated 





























uzzyQ  (eq. 12) 
where hc is the canopy height (m), hw is the water column height (m), y1
4
W
 is the quarter 
part of flume tank width and uzi yj  is the u (m s
-1




and cross-stream positions y1 and y2, respectively. The flow rate through the flume 









 (eq. 13) 
To facilitate the comparison between treatments, the three variables (Qc, Qabove and 
Qside) were normalized by the total flow rate through the entire flume tank section (Q, 
eq. 14), and the resulting value was expressed as percentage (%Qc, eq. 15, %Qabove, eq. 
16 and %Qside, eq. 17, respectively).  

















Velocity profiles  
The u-profiles revealed species-specific vertical flow patterns, regardless the free 
stream velocity and microtopography treatments (Fig. 2). Velocities near the bottom 
were lower within the long Cymodocea nodosa canopy (u < 3 mm s
-1
) than within the 
short Caulerpa prolifera one (u > 5 mm s
-1
). The difference on canopy architecture (i.e. 
canopy height and morphology) between species also affected to the shape of the 
vertical u-profiles. Vertical u-profiles above the C. prolifera canopy were closer to the 
typical boundary layer logarithmic profile than those observed above the C. nodosa 
canopy. Together with the velocity reduction within the canopy, it was expected an 
increase on velocity above it (i.e. skimming flow). However, skimming flow was only 
notable above C. nodosa at HV for the sloped microtopography. 
An increase in free stream velocity was detected inside and above the canopies. At 
LV and flat bed, velocity decreased within the bed when the water flowed from C. 
prolifera (upstream) to C. nodosa (downstream); however, such decrease was not close 
to the edge at HV. On the other hand, regardless the velocity level, the existence of 
microtopography (i.e. sloped level) resulted in a layer of very low velocity within the 
first 0.1 m from the leading edge in C. nodosa bed, which extended 0.5 m downstream. 
Within this layer, magnitude of velocity was clearly lower with microtopography than 






Figure 2. Vertical profiles of the u component of velocity (m s
-1
) along the test section (x), at low 




(up) and at high velocity (HV=0.14 m s
-1
) (down), for flat (left) and sloped 
(right) microtopography. Graphs of Caulerpa prolifera bed correspond to y=0.1 m and the Cymodocea 
nodosa bed to y=-0.1 m. Size of vector plots is proportional to the u value. Cymodocea nodosa canopy 
height is indicated with green lines. 
 
Volumetric flow rates and canopy height 
Increases in free stream velocity resulted in a proportional increase on the total 
volumetric flow rate (Q). Differences on bed form and water column height associated 
to microtopography (see material and methods) produced Q values for the sloped 
treatment 17% higher than that for the flat one (Fig. 3).  
The percentage of volumetric flow rate through the canopies (%Qc) was mostly 




Fig 3). Differences in canopy height (hc) between C. nodosa (0.175 and 0.08 m at LV 
and HV respectively) and C. prolifera (0.04 m, Fig. 4) seemed to be one of the main 
factors determining observed differences in %Qc. In fact, %Qc within C. nodosa bed 
almost doubled (3.5-8%) the values within C. prolifera one (1.7-3.2 %) regardless the 
experimental treatment. 
For flat bed, the %Qabove the Cymodocea nodosa canopy was lower (34 – 40 %) 
than that for the C. prolifera one (52 - 55%), indicating that flow was preferentially 
redirected above C. prolifera bed. However, such differences were not recorded for the 
sloped microtopography (c.a. %Qabove mean value 47% for both canopies, Fig. 3). Such 
result could be explained by the increased water column level at C. nodosa side, which 
resulted in enhanced %Qside values. A reduction in %Qc was observed for the sloped 
microtopography treatment. However, whereas in Caulerpa prolifera the decrease (from 
3% to 1.5%) was unaffected by the velocity treatment, in C. nodosa this reduction was 
affected by velocity (from 8% to 4% at LV, and from 5.5% to 3.5% at HV), being the 






Figure 3. Distribution of the volumetric flow rate on the transition zone (TZ) for free stream velocity 
(high velocity, HV and low velocity, LV) and microtopography (flat and sloped). Data are expressed as 
percentages of total volumetric flow rate (Q) and they have been separated as percentage of Q crossing 
the canopies (%Qc), as well as the percentage of Q above those canopies (%Qabove). The percentage of Q 
crossing each side (i.e. %Qc + %Qabove) of the flume tank is also indicated below each graph. For all the 





Figure 4. Canopy height of Cymodocea nodosa (m) along distance on the transition zone (TZ, x), at low 
velocity (LV=0.065 m s
-1
, circles) and at high velocity (HV=0.14 m s
-1
, triangles), for flat (white) and 
sloped (black) microtopography. 
 
Bottom shear stress 
Along the TZ, the τ values ranged between 0.005-0.080 Pa. The contour maps 
showed a high spatial variability on τ for every treatment, suggesting the existence of 
sedimentation gradients along two spatial directions (Fig. 5). The first gradient was in 
the cross-stream direction (y-axis direction), with a reduction on  values from 
Caulerpa prolifera to Cymodocea nodosa areas (0.005-0.01 Pa). This gradient became 
particularly evident at HV (0.06 Pa difference in 0.2 m of distance). For the sloped 
microtopography, the physical separation of both beds required a separated interpolation 




TZ. The second gradient was observed in the x-direction with decreasing  values from 
C. prolifera (the upstream bed) to TZ at HV, regardless microtopography treatment.  
 
 




(up) and at high 
velocity (HV=0.14 m s
-1
) (down), for flat (left) and sloped (right) microtopography. The cross-stream and 
downstream gradients used on figure 6 are also drawn (red lines). 
 
A three-way ANOVA analysis (table II) revealed that the free stream velocity 
(F=13.85, p<0.001) and the species bed composition (F=16.63, p<0.001) had significant 
effects on τ along TZ. Although the spatial patterns of τ seemed to be affected by the 
microtopography (Fig. 5), the averaged τ values were unaffected (F=2.68, p=0.107). 
When the percentage of total variance explained by each factor was considered, free 




accounted for 31%. The error term explained 54% of variance, and it represented the 
spatial variability of τ due to cross-stream and downstream gradients. 
 
Table II. Three-way ANOVA performed to test the significance (α=0.05) of free stream velocity, 
microtopography and species on bed shear stress (τ) (n=8). 
Factor 
 
F value % Sum of squares  
between treatments 
p-value 
Free stream velocity 
 
13.85 12.73% <0.001 
Microtopography 
 
2.68 2.46% 0.11 
Species (nested on 
microtopography) 
 
16.63 30.57% <0.001 
Error    - 54.23%     - 
 
The regions EROS, SUSP and SED were based on the comparison between the τ 
gradients and the threshold values τcr and τsed (Fig. 6). The two thresholds (τcr and τsed) 
define three regions when representing τ versus x-distance or y-distance: (1) the top 
region represents the τ -values to expect erosion or initiation of bottom sediment motion 
(EROS, τ ≥ τcr) (2) the bottom region represents the τ -values to expect sedimentation 
(SED, τ ≤ τsed), and (3) the medium region correspond to the τ -values that will generate 
suspended transport, where neither erosion or sedimentation are expected (SUSP, τsed < 
τ < τcr). 
No differences were observed between the cross-stream and the downstream 
gradients, exhibiting a peak of τ at the centre of the gradient and a decrease towards the 
edges. The observed τ range was within the limit between suspension and sedimentation 
processes, implying that the input of additional energy to the system (e.g. orbital flow) 




revealed that, with exception of the fine-sand fraction associated to the Caulerpa 
prolifera bed, τ did not exhibited values associated to erosive processes (i.e. no data in 
EROS region). Thus, for the assayed conditions, sediment re-allocation is not expected 
to happen by direct sediment erosion from C. prolifera patch boundary. In the particular 
case of fine sand, the τsed threshold was higher than the τcr one, explaining the 
coexistence of the EROS+SED regions. The clay fraction was clearly the less favorable 
for sedimentation in C. prolifera bed, whereas silt and fine sand could settle under LV. 
At HV, most of the sediment transported through C. prolifera bed would have no 
favorable conditions to be deposited. Contrastingly, sediment in Cymodocea nodosa bed 
would potentially settle regardless velocity treatment or particle size. Therefore, a re-
allocation of non-deposited sediment from C. prolifera bed to the C. nodosa one could 





























































































































































































































































































































































































































TKE above canopies 





heterocedasticity of data did not allow test significant differences due to macrophyte 
species (Fig. 7). However, this type of differences was not expected since the error bars 
(95% confidence intervals) for both species overlapped for every treatment level. For 
each species, a two-way ANOVA (table III) was performed to check the effects of free 
stream velocity and microtopography. For Caulerpa prolifera and Cymodocea nodosa 
beds, both the free stream velocity (F=300.69; F=9.72; respectively, p<0.001) and the 
microtopography (F=64.74; F=12.2, respectively, p<0.001) had significant effects. The 
free stream velocity accounted for most of the total variance in C. prolifera bed (76% 
compared to 16% attributed to the microtopography), whereas microtopography 
explained 36% of the variance in C. nodosa bed (a 28% of the variance was attributed to 
the free stream velocity). No significant effects of the interaction between velocity and 
microtopography were detected.  
 
         




) above canopies of Caulerpa prolifera 




(up) and at high velocity 
(HV=0.14 m s
-1




Table III. Two-way ANOVA performed to test the significance (α=0.05) of free stream velocity and 
microtopography on turbulent kinetic energy (TKE) above canopies (n=8). 
(A)  Caulerpa prolifera (n=8) 
Factor 
 
F value % Sum of squares  
between treatments 
p-value 
Free stream velocity 
 
300.69 76% <0.001 
Microtopography 
 
64.75 16.4% <0.001 
Free stream velocity*Microtopography 
 
2.39    - 0.13 
 
(B) Cymodocea nodosa (n=8) 
Factor 
 
F value % Sum of squares  
between treatments 
p-value 
Free stream velocity 
 
9.72 28.29% <0.001 
Microtopography 
 
12.20 35.50% <0.001 
Free stream velocity*Microtopography 
 




Hydrodynamic-mediated processes at the transition zone 
Our results show that, at the transition zone in between C. nodosa and C. prolifera 
(TZ), changes in free stream velocity have larger effects on turbulence (i.e. TKE and τ) 
than the existence of microtopography (tables II and III, Fig. 7), suggesting that the 
physical control of the turbulence at the TZ is more linked to short term processes (i.e. 
velocity changes associated to tides or wind) than to long term ones (i.e. changes in 
microtopography). The major control of the free stream velocity contrasts with previous 




of the S. maritima bed (considered a long term process as consequence of sediment 
accretion) seems the major factor in determining the exposition to hydrodynamic stress 
(Castellanos et al. 1994, Sanchez et al. 2001). As long as short term hydrodynamics 
drives the spatial interaction (i.e. by changes in turbulence levels), this implies a high 
temporal heterogeneity in natural disturbances determining the evolution of the TZ.   
Within benthic macrophytes, an increase in free stream velocity usually promotes 
an increase on turbulence proportionally higher than the velocity augmentation (Morris 
et al. 2008, Hendriks et al. 2010). For homogeneous Caulerpa prolifera canopies, 
increases on free stream velocity from 0.05 m s
-1
 to 0.10 m s
-1
 may produce a 2-fold 
TKE raise (Hendriks et al. 2010), whereas for homogeneous Cymodocea nodosa 
canopies, a similar increase on free stream velocity (i.e. 0.05 m s
-1
 to 0.15 m s
-1
) is able 
to produce a 10-fold TKE (Morris et al. 2008). Our data showed that along the TZ, the 
increase from LV to HV resulted in a 2.5-fold increase on the TKE above the canopy 
(i.e. turbulent mixing strength, Fig. 7). This effect likely enhances the sediment 
availability within the canopies by increasing inputs from the overlaying flow (Nepf et 
al. 2007, Hendriks et al. 2010). Nevertheless, the associated increase of bed shear stress 
and its effects on sedimentation probability depends on the τsed threshold (Zong and 
Nepf 2010). 
From the assayed free stream velocity conditions and the sediment grain size 
threshold considered, the comparison of τ and τsed threshold showed that the 
hydrodynamic environment of Cymodocea nodosa favors the sediment deposition 
whereas in Caulerpa prolifera depends on the free stream velocity (Fig. 6). Caulerpa 
prolifera favors the deposition of silt and fine sand fractions at LV, whereas they should 
tend to remain on suspension at HV. At HV, the contrasting effects of C. nodosa and C. 




the C. prolifera bed was susceptible of being re-allocated and deposited on adjacent C. 
nodosa areas. This mechanism would promote a depositional scenario along 
downstream and cross-stream C. nodosa patch edges, which could imply a key step 
favorable to the C. prolifera bed expansion (Stafford and Bell 2006). 
The values of τcr (i.e. erosion threshold) revealed that the free stream velocity 
tested in this work was not high enough to generate risk of sediment erosion on 
Caulerpa prolifera sediment, excepting for the fine sand fraction. Previous works 
showed that seagrass beds did not increase the erosion threshold (τcr) in comparison to 
bare sediment under simulated unidirectional flow (e.g. Thalassia sp. and Syringodium 
sp., Heller 1987), or under in situ conditions (e.g. C. nodosa at Venice lagoon, Amos et 
al. 2004). Nevertheless, the values of τcr can be modified by (1) the existence of waves 
(Heller 1987) and (2) biotic factors that affect sediment cohesiveness, such as diatom-
synthesized carbohydrates, bioturbation or coalescent organic matter (e.g. de Brouwer et 
al. 2000, Widdows and Brinsley 2002, Mecozzi and Pietrantonio 2006). At Cadiz Bay 
Natural Park, the bioturbator Macoma sp. inhabits C. nodosa meadows (Gonzalez-Ortiz 
2009), whereas no bioturbators have been identified in C. prolifera beds (Rueda and 
Salas 2003). In addition, Sanchiz (1996) reported that C. prolifera sediment has 2–fold 
higher organic matter content than the C. nodosa one occurring at some locations of the 
Mediterranean Sea. These previous results on natural conditions suggest that biotic 
factors could decrease τcr values for C. nodosa canopies and increase them on C. 
prolifera ones. However, further in situ studies are necessary to fully understand the 
role of erosion on the TZ, and particularly because microtopographic pattern is modeled 





Peralta et al. (2008) postulated that canopy volumetric flow rate (Qc) was a good 
proxy of the sediment load transported through the canopy, and it depended on both 
canopy height and the mean velocity within the canopy. In the present work, Qc at the 
TZ seemed to be more related to the canopy height than to the mean velocity within the 
canopy (Fig. 3 and 4), explaining the higher %Qc within the C. nodosa canopy when 
compared with the C. prolifera one. This difference is also probably due to the higher 
permeability of C. nodosa canopies in comparison to C. prolifera ones, associated to a 
higher space in between shoots, supporting also the hypothesis on sediment reallocation 
on C. nodosa canopies adjacent to C. prolifera.  
There are few studies dealing with the effects of the microtopography of vegetated 
bottoms on hydrodynamics (e.g. Carpenter and Williams 1993). These authors 
described in situ the existence of small depressions in the bed of turf algae communities 




 m. Such depressions increased the 
thickness of the boundary layer, generating a layer of low velocity. Our results showed 
that vertical depressions in C. nodosa canopies (i.e. 0.1 m step) had a similar effect. The 
outcome of microtopography on the velocity profile would favor the deposition of 
particles, also fostering the C. prolifera expansion. However, the sedimentation 
efficiency on the microtopographic depressions is also affected by the availability of 
sediment through canopies, which decreases with velocity reduction (i.e. %Qc decreases 
with velocity). Therefore, the efficiency of sloped microtopography as sediment traps 
seems restricted to events of high sediment availability. 
Consequences to studies about spatial interaction 
The present study suggests that different hydrodynamic properties between 
Cymodocea nodosa and Caulerpa prolifera beds may define the rules for the space 




component on TZs because (1) it may promote small-scale changes on hydrodynamics 
(Walter 1971, Carpenter and Williams 1993), and (2) changes on microtopography are 
mainly located at TZs between vegetation types (e.g. Marani et al. 2004). 
A conceptual model of the proposed mechanism is shown in Fig. 8. The 
microtopography associated to TZs between C. prolifera and C. nodosa influences the 
near bed hydrodynamics (1) by reducing the velocity profile within the depressions 
observed for C. nodosa canopies, but also (2) by reducing the volumetric flow through 
canopies, thus modifying the canopy flow properties of C. prolifera and C. nodosa 
beds. If the reduced %Qc is counterbalanced by a further sediment load, it would 
facilitate the sediment deposition within C. nodosa canopies. Hence, the effect of the 
sediment dynamics on the vegetated beds is not a permanent interaction but a relation 
subjected to the existence of events of high sediment availability. The species-specific 
response to sedimentary scenarios will determine the resulting spatial interactions and 
the competitive outcome. In addition, the sediment dynamic processes can shift the 
microtopographic pattern along the TZ, which in turn, the likely influence on 
hydrodynamics in a feed-back process. 
The competitive characteristics of both species for space occupation are that 
Caulerpa prolifera clonal growth is fast on new bare areas (i.e. areas of recent sediment 
deposition, Stafford and Bell 2006), and that Cymodocea nodosa is sensitive to high 
sedimentation rates, being its growth limited with burial > 0.07 m (Marbà and Duarte 
1994). In Cadiz Bay, the vertical step observed between C. prolifera and C. nodosa 
floor is within the range of 0.05 – 0.10 m, suggesting that positive sedimentation 






Figure 8. Conceptual model of the tested mechanism of microtopography due to macrophytes beds 
interacting with hydrodynamics. 
 
Herben et al. (2000) defined the spatial competition in grassland communities as a 
feed-back mechanism where the presence of a plant species facilitates the occupation of 
the species already occupying the site. In our case, the spatial competitive process 
between Caulerpa prolifera and Cymodocea nodosa seems more close to an inhibitory 
mechanism where the conditions are hydrodynamically-mediated. The divergences on 
bed shear stress between both species are consequence of species-specific differences 
on both, bed velocity attenuation (Chen et al. 2007) and canopy drag coefficient (which 
depends on macrophyte density and leaf size, Nepf 1999, Chen et al. 2007). However, 
our results support that previous experiments with homogeneous non-overlapping 
canopies are not directly comparable to TZ conditions (e.g. Hendriks et al. 2010). Data 
showed a large spatial variability of τ along cross-stream and downstream TZ gradients 
not explained by experimental factors (ie. 54% out of total, table II), thus implying 
emergent thresholds when compared to homogeneous canopies. This fact highlights the 
importance of simulating patchiness conditions when hydrodynamic benthic transitions 
are analyzed, an approach that is rarely performed or discussed over literature (Fonseca 
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Seagrass patches may modify sediment dynamics by reducing current velocity 
and allowing a horizontal sediment transport trough their canopies. Such effect is not 
spatially homogeneous along the patch, and this fact is relevant for seagrass restoration 
success. However, few studies have been focused on sedimentation patterns within 
seagrass stands, specifically under tidal (i.e. non orbital) low flow conditions. To cope 
with this objective, we studied the effects of an artificial patch of the seagrass 
Cymodocea nodosa (1.8 m long) on the spatial sedimentation patterns. This study was 
performed in a flume tank under three relatively slow velocities usually recorded in 
Cadiz Bay under natural conditions (0.03, 0.065 and 0.13 m s
-1
). Simultaneously to 
direct measurements on sedimentation rate, several variables have been also studied 
attempting to find a hydrodynamic proxy to explain such sedimentary effects. 
Hydrodynamic analysis included spatial gradients on velocity profiles, integrated 
velocity values above the canopy (uabove), and volumetric flow rate within the canopy 
(Qc). Sedimentation rates were maxima close to the leading edge of the seagrass patch 
(ie. the principal patch edge oriented perpendicular to flow) and decreased exponentially 
downstream with distance. This decrease could be related to the corresponding increases 
on shear stress on top of the canopy.  Data suggests that submersed vegetation patches 
have a horizontal spatial threshold (xedge=0.4-0.6 m) that once surpassed sedimentation 
becomes minimum. Our results support the hypothesis that under the studied velocity 
range, sediment availability is limited, accounting Qc for total patch sedimentation rate 






Seagrass species are widely considered as ecosystem engineers because its 
abilility in modifying the abiotic surroundings (Jones et al. 1997). These modifications 
also include the sedimentary environment (Koch 2001). In fact, seagrasses are able to 
(1) increase sediment accretion (Gacia et al. 1999, Gacia et al. 2003, Bos et al. 2007), 
(2) select grain size (Schubel 1973, Cabaço et al. 2010), (3) stabilize bottom substrate 
(Fonseca and Fischer 1986) and (4) prevent erosion (Thompson et al. 2004).  Such 
effects are of prime importance for their own survival, because they modulate the 
physical environment to be close to their habitat requirements. For example, seagrass 
canopies attenuate turbidity by sediment trapping increasing light availability (van der 
Heide et al. 2007, de Boer 2007) and, potentially, the subsequent photosynthesis and 
growth.  
The capacity of seagrasses to modify sedimentary dynamics has strong 
implications for restoration purposes, as stated by several authors (Fonseca and Fischer 
1986, van Keulen et al. 2003, Cabaço et al. 2008; van Katwijk et al. 2009). The ability 
of seagrasses to stabilize and retain sediment particles (Fonseca and Fischer 1986, Gacia 
et al. 1999, de Boer 2007) has been related to their capacity to reduce water velocity 
(e.g. Fonseca et al. 1983, Almasi and Hoskin 1987, Hendriks et al. 2010), which 
depends directly on (1) shoot density (Peterson et al. 2004, Peralta et al. 2008) and (2) 
patch size (Fonseca et al. 1983). In fact, recent research with artificial vegetation 
suggests that patch size-flow scaling effects promotes divergent patterns on sediment 
deposition, because the longitudinal distance that current can penetrate is limited (Zong 
and Nepf 2011).  
Despite sedimentary effects are quite relevant to seagrass ecology, their spatial 




tend to develop physical gradients affecting burial and erosion processes as it has been 
described for saltmarshes (Bouma et al. 2007), vegetated channels (Zong and Nepf  
2010) and lake vegetation (Pluntke and Kozersky 2003). From previous hydrodynamic 
studies, it is known that seagrass patches develop horizontal hydrodynamic gradients 
(Gambi et al. 1990, Morris et al. 2008) which imply that (1) the edge of a seagrass patch 
must be quite effective trapping sediment in comparison with its center (Fonseca et al. 
1982) and that (2) sediment trapping capacity must increase directly with the volumetric 
flow through the canopy (Morris et al. 2008, Peralta et al. 2008). However, further 
investigation is required to demonstrate these hypotheses. 
The biological and hydrodynamic conditions of Cadiz Bay, an Atlantic tidal 
lagoon of siliciclastic sediment, are excellent as a model of the effects of seagrasses on 
spatial patterns of sediment dynamics (Gutierrez-Mas et al. 1999). The inner water body 
is extensively populated by submersed vegetation (> 90%, Morris et al. 2009), being the 
patchy meadows of Cymodocea nodosa Ucria (Ascherson) one of the dominating at the 
tidal zone. Tidal velocities usually range from 0 to 0.08 m s
-1
 (e.g. Kagan et al. 2003) 
and sediment transport is controlled by unidirectional currents after wind-storm re-
suspension events (Gutierrez-Mas et al. 2000). However, to elucidate the underlying 
processes on small-scale patches it is necessary to perform detailed hydrodynamic 
measurements and in such a case, laboratory experiments with model vegetation provide 
better conditions (Bouma et al. 2007). The use of mimic plants allows specifically 
modulating morphology, shoot density and stiffness on seagrass populations (e.g. 
Peralta et al. 2008). 
The aims of this study are (1) to analyze spatial patterns of sedimentation rates 
along a gradient within a seagrass patch model, (2) to determine the spatial limit of 




sedimentation rates within the patch. To achieve these objectives, we used an artificial 
canopy to determine experimentally the effects of (1) current velocity and (2) the 
distance from the leading edge, on sedimentation rates. The artificial canopy was 
constructed with flexible mimics that emulate Cymodocea nodosa shoots. Current 
velocity, grain size and sediment concentration were selected according to reference 
conditions in the inner Cadiz bay. 
  
MATERIAL AND METHODS 
Artificial seagrass canopy 
The dimensions of the Cymodocea nodosa shoot mimics were chosen to emulate 
the annually averaged C. nodosa shoots growing in Cadiz bay (Fig. 1, Brun et al. 2006). 
Shoots were constructed on millar plastic with 4 flexible leaves (see figure 1A for 
mimic morphometry). The shortest leaf was at the core of the shoot. A sheath was 
simulated by wrapping the blades at the base with a piece of soft wood (Fig. 1A). 
Natural buoyancy of seagrass leaves was allowed by adding small floats of rubber to the 
leaf tips. These mimics were inserted in a 2 x 0.5 m PVC plate. A 540 shoots m
-2
 
density was distributed in a regular pattern to study the hydraulic effects (Fig. 1B). The 
distance between shoots was 3 and 4 cm from lateral and downstream directions 
respectively. Lateral shoot arrangement was alternated between lines (see Fig. 1B and 
1C). 
Flume tank description and flow measurements 
The flume tank was a 7.5 m straight and unidirectional model with 0.5 m water 
column (Fig. 2, Jonsson et al. (2006) for more details). Measurements were performed  
at low (LV, 0.03 m s
-1
), medium (MV, 0.065 m s
-1
) and high (HV, 0.13 m s
-1























































































































































 stream velocities. To develop a stable hydrodynamic regime prior to measurements, the 
flume tank was running for at least 10 min. 
 
 
Figure 2. Flume tank scheme. HW indicates the height of the water column. The arrows indicate the 
direction of the water flux. 
 
Main velocity component (u) was measured with portable Aquadopp current 
meter (± 0.01 m s
-1
). Vertical profiles of u were estimated by measuring at 0.06, 0.1, 
0.2, 0.3, 0.4 and 0.5 m above the bottom floor. To measure at 0.06 m it was necessary to 
remove 3 shoots, generating a free-obstacle area of 96 cm
2
. 
At each free stream velocity, the hydrodynamic profiles were studied in a 
horizontal transect from 1 m upstream to 0.5 m behind the canopy. Considering 0 the 
leading edge of the canopy, the velocity profiles were studied at -1.00, 0.00, 0.04, 0.12, 
0.28, 0.44, 0.92, 1.40, 2.00 and 2.30 m (the last two profiles were at 0.20 and 0.50 m 
out, behind the canopy). The measurements corresponding to each x-location were 






The sediment used during the experiments was a silt-clay novaculite 44 µm 
(AGSCO Corporation, New Jersey). This grain size is representative of the sediment 
type found at Cadiz Bay, where Cymodocea nodosa meadows thrive (Gutierrez-Mas et 
al. 1997). At every velocity, it was used a suspended solid concentration of 0.363 kg    
m
-3
, being this value considered as representative of an extreme sediment transport 
event (i.e. two-fold higher than that found at inner Cadiz Bay, Muñoz Pérez and 
Sánchez Lamadrid 1994). 
Sedimentation patterns were studied at LV, MV and HV free stream velocities, 
with two replicates per treatment. During each measurement, the sediment was added to 
the water column at 1 m upstream of the canopy leading edge. Sediment release was 
done at an intermediate depth and mixed gently with the water column to avoid floating 
particles above the water surface. Every experiment was run during 2 hours, time 
enough to detect any significant sedimentation. After every experiment, the flume tank 
was quickly emptied (<5 min). 
To determine sedimentation rates, microscope slides were placed at pre-selected 
positions (Fig. 1C). The microscope slides (0.075 x 0.025 m) are thick enough to 
prevent any sediment accumulation due to horizontal floor sediment transport. Four 
parallel samples evenly distributed and separated by 4 cm were taken at 12 x-positions 
(i.e. 0.00, 0.04, 0.08, 0.12, 0.20, 0.28, 0.36, 0.44, 0.68, 0.92, 1.16 and 1.40 m) from the 
leading edge of the canopy. Microscope slides were carefully removed from the bed, 
dried (24-48 h, 60ºC) and weighted after each assay. From each sample, sedimentation 
rate was estimated by weight difference between after and before the experiment. To 
ensure that the bottom was free of deposited particles for the following runs, the bed 





As a hydrodynamic proxy to understand the sedimentary dynamics, we focus on 
the volumetric flow rate (Q). The volumetric flow rate through the canopy (QC) was 
calculated by vertically integrating the velocity profile on the canopy height (hc) for the 
flume tank width (yw) (eq.1, see Peralta et al. 2008 for further details). To reveal the 
underlying hydrodynamic processes involved in the sedimentation patterns, we 
compared edge and center conditions of the seagrass patch. Edge conditions were 
calculated as Qc at 0.04 m from the leading edge, whereas center conditions were 
calculated at 0.92 m downstream the leading edge: 







 dzdy  Qi
0
hC
                                                     (eq. 1) 
where, 

Qi  yW zi  zi1 uzi 
The sedimentation rate (S) was estimated as dry weight of settled sediment per 








Aplate* t2  t1 
                                                                 (eq. 2) 
where: 





W2: microscope slide weight at the end of the experiment (g DW) 
W1: microscope slide weight at the beginning of the experiment (i.e. no sediment) (g 
DW) 






t2-t1: experimental time (2 hours) 
To integrate the sedimentation rate for the entire canopy (Sbed), and since the 
microscope slides were not equidistant, the S values were spatially weighted according 
to equation 3: 

Sbed 







A  (eq. 3) 
where: 










xi: x position of the microscope slide on position ij (m) 
yj: y position of the microscope slide on position ij (m) 
A: total area covered by the canopy (m
2
). 
To discriminate the sedimentation processes due to edge effects, the sedimentation rates 
were newly estimated assuming the canopy divided into two areas (i.e. edge and center; 
Sedge and Scenter). The limit between these two areas was selected as the distance where 
the sedimentation rate value stabilizes as a function of x-distance, being the edge zone 
(xedge) the area where sedimentation rate decreases with x (eq. 4) and the center zone 
(xcenter) the area where sedimentation rate is constant with x (eq. 5). 

Sedge 







Aedge  (eq. 4) 

Scenter 

























Aedge: area of the canopy affected by edge effects (m
2
) 
Acenter: area of the canopy not affected by edge effects (m
2
) (Acenter=A - Aedge) 
 
Statistics 
To detect any relationships between sedimentation rate and distance to the canopy 
edge, exponential regressions were applied by minima square differences. Due to 
problems of heteroscedasticity, the existence of significant effects of free stream 
velocity on sedimentation rate was estimated using the non-parametric Friedman’s test 
(Siegel, 1970). Finally, linear correlations were established between the average 
velocity above the canopy and the corresponding sedimentation rate. Significance level 






Canopy height (hC) was maximum at LV
 
(0.38 m) and minimum at HV (0.17 m) 
(Fig. 3A), and within every velocity treatment, hC also increased with distance to the 
leading edge (i.e. downstream). Nevertheless, it can be observed that the effects on 
canopy height were not proportional to the free stream velocity increase (i.e. from LV to 
HV, hC decreased 1.3 fold maximum vs. a maximum increase of 4.3 times for velocity). 
Hydrodynamics 
The presence of the seagrass canopies clearly affected the velocity profile 
showing this effect also a clear gradient along x distance (Fig. 3B). Close to the bottom 
floor, velocity ranged between 0.01 - 0.10 m s
-1
 depending on the velocity treatment. 
The effects of the seagrass patch was especially clear at the HV (Fig. 3B), decreasing by 
20 - 50 % within the canopy, whereas at LV the velocity attenuation needed longer 
distances to be detected (i.e. 0.44 - 1.40 m within the canopy). In general, reduction 
velocity effects were negligible along xedge. Flow was accelerated above the canopy, and 
increasing with distance from the leading edge. In relative terms, the magnitude of 
water acceleration was similar in all the treatments, increasing the velocity 1.2 - 2.5 fold 
as a function of x-position and canopy height. The highest velocity value (0.25 m s
-1
) 
was observed on top of the canopy at HV. 
The vertical profiles within the canopy showed typical sigmoidal shapes (Fig. 
3B). The typical velocity increase on top of the canopy was enhanced by the distance to 
the leading edge (x-position) and by the free stream velocity (Fig. 4A). The volumetric 




 (Fig. 4B). For 





Figure 3. (A) Canopy height according to the velocity treatment. Vertical dashed arrows indicate the 
location where vertical velocity profiles were measured (x= -1.00, 0.00, 0.04, 0.12, 0.28, 0.44, 0.92, 1.40, 
2.00 and 2.30 m). (B) Vertical velocity profiles at 0.03 m s
-1
, 0.065 m s
-1
 and 0.13 m s
-1
. Canopy height is 









Figure 4. (A) Average velocity above the canopy (u above, m s
-1
) as a function of distance to the leading 
edge (0.03 m s
-1 
black circles, 0.065 m s
-1
 white circles, 0.13 m   s
-1
 black triangles). (B) Volumetric flow 














velocity treatment, QC was higher in the center that in the edge (Fig. 4B) probably due 
to increases on canopy height.  
Spatial patterns on sedimentation rate 
Velocity and distance to the leading edge had significant effects on the 
sedimentation rate within the canopy (Figures 5 and 6 respectively; non-parametric 
Friedman’s test for velocity effects χ
2
=18; p<0.001). Maximum sedimentation rate was 
always found at the leading edge of the canopy. Furthermore, differences between edge 
and centre were clearly lower at LV than at MV or HV (Fig. 5). Accordingly, the 
integrated sedimentation rate (Sbed) was at LV half than those observed at MV or HV 
(Fig. 5). For every velocity treatment, the sedimentation rate exponentially decreased 
with increasing distance to the leading edge (Fig. 6, fitting parameters are indicated in 
the figure). However, this gradient clearly smoothed with decreasing velocities (i.e. the 
exponential slope decreased with free stream velocity, Fig 6A). 
The main difference due to the velocity treatment was the x distance of edge 
effects (i.e. edge effect limit). The horizontal limit for edge effects (xedge) was selected 
according to the distance where sedimentation rate reached the minimum asymptote. At 
MV and HV, the xedge was estimated at 0.5-0.6 m from the leading edge (Fig. 6), while 
at LV it was at 0.4 m. Once discriminated edge and center zones, significant differences 
on sedimentation rates due to velocity were clearly attributable to the edge zones, with 




, respectively). No 
significant differences were observed in center zones. In these areas, sedimentation rate 





The average velocity above the canopy (uabove) was used as a proxy for shear 









) as function of the free stream velocity. The values of 













and (C) 0.13 m s
-1
. Error bars represent 95% confidence intervals. Parameters of negative 





and uabove (Fig. 7) suggest that the decrease on sedimentation rate when moving 
downstream from the leading edge can be due to the corresponding increase of shear 
stress on top of the canopy. The slope of this last correlation (Fig. 7) expresses the 
quantity of retained sediment by the canopy per unit of uabove reduction. Therefore, it 
could be used as a proxy for sediment trap efficiency, being such sediment trap 
efficiency highest at MV and lowest at LV. 
 
 




) versus average velocity above the canopy (uabove, m s
-1
) at the 
corresponding x-position for the three velocity treatments. Linear correlations and corresponding 
correlation coefficient are represented. 
 
DISCUSSION 
Sedimentation within a seagrass patch depends on (1) an effective velocity 
reduction to favor sediment deposition (Almasi and Hoskin 1987, Hendriks et al. 2010) 




and enough volumetric water flow through the canopy (Qc, Peralta et al. 2008). Present 
work demonstrates that both, velocity reduction and Qc within Cymodocea nodosa 
mimic canopies vary within the free stream velocity range studied (i.e. 0.03 – 0.13 m 
s
-1
). It has been previously demonstrated that the simultaneous effect of the free stream 
velocity on both variables strongly depends on the shoot stiffness, which determines the 
relative volume of the water column occupied by the canopy and, consequently, the 
water volume under reduced velocity (Peralta et al. 2008). Hence, previous works and 
our results support that the relationship between free stream velocity and sedimentation 
rate is not simple, and the understanding of the underlying mechanisms needs a deeper 
analysis. 
Cymodocea nodosa populations allow a gentle volumetric flow through their 
shoots (Qc) in comparison with other seagrass species like Zostera noltii (Morris et al. 
2008) or Posidonia oceanica (Hendriks et al. 2010), being this property related to the 
high porous canopy architecture of C. nodosa stands compared to the others (Morris et 
al. 2008). The high Qc suggests that velocity reduction is not very intense at the edge 
zone (xedge), contrasting to previous studies on Zostera marina that described the edge 
as the most active flow reduction zone (e.g. Fonseca et al. 1982). In fact, the 20 – 50 % 
of velocity reduction described in our work is in agreement with the 60 - 80% described 
at 0.2 m s
-1
 for a 3.5 times higher density bed (i.e. 1800 shoots m
-2
, Morris et al. 2008), 
but in our case, most of this reduction occurred downstream xedge. Because differences 
on sedimentation rates were located mostly at xedge, it could be inferred that the effect of 
velocity reduction on sedimentation rate is horizontally limited.  
The observed Qc trend (i.e. increase from LV to MV, but not from MV to HV, 
Fig. 4B) agrees with the sedimentation rate value at the edge, which is lower at LV 




is also consistent with the hypothesis that sediment availability should be higher at MV 
than at LV, highlighting the importance of a gentle horizontal sediment transport, as in 
previous seagrass sedimentation models (Chen et al. 2007). Accordingly, it can be 
concluded that, C. nodosa sedimentation rate mainly depends on Qc, and, therefore, 
being constrained by sediment availability within the velocity range assayed. 
The volumetric flow rate (Qc) explains properly the effects of free stream velocity 
on the canopy sedimentation rate, but not its spatial patterns. Regardless the velocity 
treatment, sedimentation is significantly lower in the center of the patch (Fig. 6), despite 









). To our knowledge, this pattern has not been previously described. However, 
literature on seagrass sediment dynamics is not abundant, and previous works clearly 
stated that the effects on sediment dynamics highly depend on canopy features. For 
instance, using dense mimics Bouma et al. (2007) demonstrated that stiff submersed 
vegetation edges are erosive zones. Pluntke and Kozersky (2003) did not find any 
significant spatial sedimentation pattern for natural lake vegetation. Zong and Nepf 
(2010) reported the existence of two regions within a vegetated channel: (1) a region 
close to the leading edge, where sedimentation rate increased due to the flow 
deceleration, and (2) a zone of fully developed flow where the sedimentation rate 
decreased downstream due to the depleting sediment availability. In any case, 
differences on stiffness and shoot density of canopies could account for all these 
divergences (Peralta et al. 2008). 
In our case, sedimentation patterns could be related to the shear stress pattern 
above canopy. On one hand, shear stress is proportional to velocity (Fonseca and 
Fischer 1986) and above the canopy can avoid vertical sediment settlement (Jumars and 




acceleration on top of the canopy (Gambi et al. 1990), increasing this effect with 
distance to the leading edge (e.g. Morris et al. 2008 within a Cymodocea nodosa patch). 
We propose to use such acceleration effect as a proxy to estimate shear stress on top of 
the canopy. Therefore, we defined uabove as the averaged velocity on top of the canopy. 
Correlating sedimentation rate with uabove (Fig. 7), it can be observed that at HV, uabove 
explained the 80% of the spatial variability (see correlation coefficients) and 50% at 
MV and LV. Accordingly, our results suggest that the shear stress established at the 
canopy-water interface can be partly responsible for the sedimentation spatial pattern, 
and sedimentation was favored because of the reduced shear stress at the leading edge. 
This hypothesis is supported by Fonseca and Fisher (1986) work, where it was 
described an increase of shear stress and a decrease of sedimentation probability with 
distance to the leading edge for Thalassia testudinum, Halodule wrightii and Zostera 
marina stands. The consideration of uabove as a predictor of sedimentation rates at low 
range of free stream velocity is feasible because, in such a case, the sediment horizontal 
transport is limited downstream the canopy edge and vertical settlement from the above 
canopy region become important (Jumars and Nowell 1984). In the case of predominant 
high free stream velocities (i.e. velocity >0.20 m s
-1
), velocity reduction is the process 
that controls sedimentation within canopy (Fonseca et al. 1982) and bottom shear stress 
would better explain sedimentation patterns (Zong and Nepf 2010).  
A remarkable result from our work is the detection of a horizontal threshold 
behind sedimentation rate reached a minimum. The establishment of a horizontal limit 
for edge effects on sedimentation processes could be a key factor to improve success on 
seagrass restoration techniques. This finding could help to take decisions on minimum 
transplant size or on landscape design (e.g. homogenous vs. patchy transplant designs). 




to the enhanced edge proportions. Consequently, although it is expected a high 
sedimentation belt around a homogeneous transplant design, patchy design may 
enhance burial risks because (1) their small patch size, and (2) their high perimeter/area 
ratio. At any case, it seems that the effects of C. nodosa would be a coadjutant in 
reducing the risk of patch burial, once reached a minimum size, by sediment accretion at 
the edges and sedimentation avoidance at the patch center. 
Our results illustrate the role of Cymodocea nodosa on the sediment dynamics of 
low flow environments, as Cadiz Bay Natural Park (CBNP). At CBNP, tidal velocities 
are within our experimental range (0 - 0.08 m s
-1
, Kagan et al. 2003, Lara et al. 
submitted), although sporadically East wind storms can increase temporally turbidity 
and relocate the transported sediment (Gutierrez-Mas et al. 1999, 2000). According to 
our results, velocity increases within 0.03 - 0.065 m s
-1
 range should intensify 
sedimentation probability precisely when sediment availability is enhanced after wind 
storm. Hence, our results contribute to explain how shoot density and patch size can 
improve seagrass resilience to wind storms, which generate sediment resuspension and 
physically stress to seagrass habitats (Kirkman and Kuo 1990, Preen et al. 1995). The 
main effect of shoots density and patch size is to buffer wind-induced hydrodynamic 
forces (van Keulen et al. 2003; Bos and van Katwijk 2007, van Katwijk et al. 2009), but 
also to reduce the chance of seagrass patch burial by concentrating the deposited 
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An in-depth knowledge of solutes advection and turbulent diffusion is crucial to 
estimate dispersion area and retention time (tR) of pollutants within seagrass habitats. 
However, still it is little known the influence of seagrass habitat fragmentation on such 
mechanisms. A set of dye tracer experiments and acoustic Doppler velocimeter 
measurements (ADV) were conducted. Solute transport conditions were compared in 
between fragmented (FM) vs homogeneous (HM) intertidal meadows, and in vertical 
gradients (canopy vs overlaying flow). Results showed the highest horizontal diffusion 






) on FM and at the canopy-water column interface, 
whereas tR (2.6-5.6 min) was not affected by fragmentation. These suggest that (1) FM 
are more vulnerable to pollution events in terms of dispersion area and (2) at low tide, 
advection rather than turbulent diffusion determines tR. Furthermore, Taylor’s theorem 







An accelerating decline in seagrass habitats has been observed worldwide in 
recent decades (Waycott et al. 2009). The main causes of these habitat losses are direct 
or indirect anthropogenic pressures that reduce water quality (Short and Willie-
Echeverria 1996, Ralph et al. 2006 and references therein). Anthropogenic activities 
have augmented coastal nutrient and toxic compound loading, promoting eutrophication 
(Clavero et al. 1999, Cabaço et al. 2008), and direct toxic effects on seagrasses (Short 
and Willie-Echeverria 1996, Brun et al. 2002, Macinnis-Ng and Ralph 2003). These 
disturbances can be persistent over time, as regular wastewater discharges (e.g. Cabaço 
et al. 2008, Fernandes et al. 2009) or episodic, such as oil spills (Zieman et al. 1984, 
Dean et al. 1998). 
Effective management of both temporal scales of disturbances needs models that 
can predict seagrass responses to decreasing water quality (Ralph et al. 2006). To 
provide forecasting, these models should account for both, the area affected by the 
discharges as well as the residence time of pollutants (Bricker et al. 1999), which 
requires an in-depth knowledge of solute transport mechanisms in coastal systems. 
Turbulent diffusion and advection are the main mechanisms for solute transport in 
coastal systems, and both depend on the local hydrodynamics. Turbulent diffusion (also 
mentioned in this work as dispersion) is the transport due to stochastic motions of fluid 
containing solute molecules, whereas advection is the transport due to the unidirectional 
displacement of a water volume (Csanady 1973, Alonso 2005). Seagrass canopies affect 
the local hydrodynamics (1) by reducing current velocity within the canopy (Worcester 
1995, Koch and Gust 1999) and (2) by increasing turbulence at the top of the canopy 




turbulent diffusion and advection of solutes play a decisive role on their response to 
nutrient loading or toxic pollution. 
Solute dispersion within macrophyte canopies has been addressed in several 
studies with seaweeds (Escartín and Aubrey 1995), seagrasses (Ackerman and Okubo 
1993, Worcester 1995, Ackerman 2002), saltmarshes (Serra et al. 2004, Lightbody and 
Nepf 2006, Zeng et al. 2011) and artificial structures (Nepf et al. 1997, Nepf 1999) 
revealing that (1) in a horizontal plane, the turbulent diffusion coefficient (Ky) 
comprises two components, a first one related to the turbulent mixing of flow and a 
second one due to the lateral movement of fluid at the scale of individual structures (i.e. 
mechanical diffusion) (Nepf 1999); (2) when compared with non-vegetated areas, 
submersed canopies decrease, or not affect, turbulent mixing and consequently affecting 
Ky values (Ackerman and Okubo 1993, Worcester 1995); and (3) mechanical diffusion 
contributes to higher Ky values than those predicted by turbulent mixing (Nepf 1999, 
Serra et al. 2004, Lightbody and Nepf 2006). 
Despite numerous studies being focused on solute dispersion through macrophyte 
canopies, very few have explored it at in situ conditions (Worcester 1995, Ackerman 
2002). In situ conditions differ from those of flume tank, or described by models, 
mainly in (1) landscape configuration (i.e. patchy or homogeneous) and (2) tidal 
dynamics. Seagrass habitats can occur either as homogeneous or fragmented meadows 
(e.g. Brun et al. 2003, Sleeman et al. 2005). This can create substantial variance in the 
velocity field leading to transient-storage or dead-zone dispersion (Nepf and Ghisalberti 
2008), suggesting that spatial heterogeneity may represent an additional important 




As many seagrass species inhabit intertidal regions, changing canopy 
submergence depths also represent an important factor determining near-bed water 
renewal rates. During a tidal cycle maximum water velocities occur about midway 
between high and low water (Bouma et al. 2005). At low tide, especially in beds from 
shallow sites, the water flow is forced to pass through the seagrass canopy, potentially 
increasing within canopy water velocities and dead zone dispersion. However, in such a 
moment, tidal velocity (i.e. advection) is minimum or very low, supporting that solute 
renewal could also be affected by turbulent diffusion. Under these conditions, patch size 
may dictate the relative importance of longitudinal advection and turbulent mixing in 
the water renewal within the canopy (Nepf et al. 2007). 
A way to estimate the water renewal rate is to calculate the retention time (tR). 
The tR, usually referred as ‘flushing time’, quantifies the ratio between a tracer mass and 
its renewal (Orfila et al. 2005), and it can be read as the average time required to 
displace a solute molecule out of the canopy. Although some tR values have been 
estimated for wetland and kelp canopies (Harvey et al. 2005, Nishihara et al. 2011), as 
far as we know this paper brings the first estimations of tR within seagrass canopies. 
The horizontal dispersion of solutes usually shows a vertical gradient (Ackerman 
and Okubo 1993). When the water column starts to exceed the canopy height, a layer of 
high velocity is developed above it to compensate the effects of the velocity reduction 
within it. Within a seagrass canopy, the water column develops a vertical velocity 
gradient (e.g. Fonseca and Koehl 2006, Morris et al. 2008), determining a vertical 
gradient on transport magnitude. For example, within a Zostera marina canopy (1 m 
height), the horizontal diffusion coefficient had been predicted to be 9-fold higher at 0.6 




The aim of this work is to evaluate the role of turbulent diffusion on solute 
transport within intertidal seagrass landscapes. To cope with this goal, we focus on three 
specific objectives: (1) to examine the effects of habitat fragmentation (i.e. patchy vs 
homogeneous meadows) on the horizontal turbulent diffusion coefficient (Ky) and on 
the advection velocity (U), (2) to estimate the relative importance of turbulent diffusion 
compared to advection for determining canopy retentions time (tR), and (3) to examine 
differences on turbulent diffusion and advection between the overlaying water column 
and the flow within the canopy. An in situ dye tracer technique was applied to address 
the first two objectives (Worcester 1995), whereas to determine objective 3, Ky was 
estimated according to Taylor’s theorem for a stationary turbulent environment 
(Csanady 1973, Kundu 1990, Alonso 2005). 
 
MATERIAL AND METHODS 
Study site and experimental conditions 
The study site was located in Cadiz Bay Natural Park (SW Spain, 36º 28’09’’N-
6º15’07’’W). Cadiz bay has two basins, a shallow basin (inner bay) with 3 m (MLW) 
depth, and a deep basin (outer bay) with 12 m (MLW) depth (Rueda and Salas, 2003). 
Field measurements were conducted in the Southwestern corner of the inner bay, in the 
intertidal zone (> 0.4 m MLW). Two seagrass species thrive in the intertidal zone, 
Zostera noltii Hornem. (from high to mid intertidal elevations) and Cymodocea nodosa 
Ucria (Ascherson) (from mid intertidal to shallow subtidal locations). Experiments were 
carried out in monospecific stands of Zostera noltii. 
According to the fragmentation degree, Z. noltii populations were classified in 




degree of patch fragmentation, a meadow fragmentation index (Y) was calculated, 
where Y is a factor proportional to the probability that the perimeter of a fragmented 
object would be intercepted, and it is estimated by simulating several random transects 






  (eq. 1) 
where n is the number of intercepts with patch edges and M is the total length of the 
sampling transects. Zostera noltii patches with Y values around 3.7 where considered as 
fragmented meadows (FM), whereas homogeneous cases (HM) exhibited Y values 
below 0.1 (t-test paired samples: 12.48, p=0.006). 
The dye tracer experiments were performed in summer when Zostera noltii shoot 
density is maximum (Brun et al. 2003), at 1-50 min after low spring tides (10/06, 12/06 
and 27/07 in 2009; spring tides with 2.19, 1.89 and 2.30 m range, respectively). To 
analyze vertical gradients of flow during the flooding phase (90 min after low tide), 3D 
velocity measurements with high spatial and time resolutions were carried out over a 
homogeneous meadow (25/06/2009, 3 m tidal range, see section “Vertical gradients” 
below).  
As the elevation of the FM and HM habitats was slightly different (≈ 20-40 cm), 
the onset of flooding was delayed between FM and HM locations every sampling day. 
To minimize the effects associated to differences in flooding time, tidal flow intensity 
was checked to be similar between the studied locations. To do so, temporal changes in 
water level were measured with an accuracy of ± 0.25 cm. Tidal flow intensity was 
estimated as the water level increase rate calculated as the linear slope of water level vs 















existence of significant differences in Y but not on tidal flow intensity implies that 
hydrodynamic differences between sites can be mainly attributed to habitat 
fragmentation rather than differences in tidal conditions. 
Solute transport 
The horizontal coefficient of turbulent diffusion (Ky) within Zostera noltii 
canopies was estimated using a dye-tracking technique developed by oceanographers, 
modified by Worcester (1995) for vegetated landscapes and standardized by Koch and 
Verduin (2001) for seagrasses. This consists in the instantaneous release of dye blobs 
into the water column and taking photographs at timed intervals. Advection was then 
estimated as the displacement rate of the centroid of the dye, while turbulent diffusion is 
estimated as the spread rate of the dye. 
To apply this technique, a 3D reference system was constructed using graduated 
PVC poles (1.8 x 3.6 m, Fig. 1). The reference system was oriented parallel to the main 
tidal flow direction (N-S direction, Lara et al., submitted), allowing vertical and 
horizontal spatial transformation of the photographs. The dye was a dilution of 
fluorescein (MERCK, 3 g l
-1
) prepared with seawater collected in situ and at the same 
time of experimental set up to avoid buoyancy effects (Koch and Verduin 2001). At the 
beginning of the experiment, the fluorescein solution was released upstream of the 
leading edge of the patch perpendicular to the main flow.  
Digital photographs were taken using a platform located 2 – 3 m away from the 
dye release point. The position of the camera (1.8 m above bottom) was fixed during the 
experiments and the angle between the camera and the ground was measured (ө, 70-
80º). The photographs were captured at 10-30 s time intervals resulting in 20 to 40 




Image and tracer data analysis 
Prior to spatial analysis, the photographs were transformed to a planner plane 
using the trans-camera view function for MATLAB (developed by Nobuhito Mori, 
2009). This function requires the input of three angles: (1) α or half-view angle (34º), 
depending on the focal distance; (2) ө* or camera elevation angle (35-40º), which was 
chosen as half ө to reduce the loss of the field of view due to transformation; and (3) ϕ 
or horizontal camera angle from x axis on (x, y) plain (0º). 
Transformed images were analysed with the software ImageJ 
(http://rsb.info.nih.gov/ij, National Institute of Health, USA). The position of the 
centroid at time ti (x0(ti), y0(ti)) was estimated on the transformed photographs. 
Advection velocity (U, m s
-1
) at time ti was calculated as displacement of the 
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) and turbulent intensity (TI) were both 




UTKE   (eq. 3) 
U
TKE
TI   (eq. 4) 
where 'U  is the fluctuation from the time-averaged velocity  
























































































































) has to be estimated as the increase rate 












, what can be simplified as the increase 
rate of the dye blob radius square (w
2













  (eq. 5) 
To calculate Ky, (1) only measurements occurring during the lineal increase of w
2
 
with time were considered (i.e. measurements in between 100 - 400 s for FM and in 
between 100 - 550 s for HM) and (2) only the perpendicular direction to flow was 
selected because turbulent diffusion and advection effects cannot be separated in main 
flow direction. For delimiting flow direction, the centroid was projected in a horizontal 
plane (x, y), with the flow direction determined by adjusting a linear regression to the 
positions with time (x0(ti), y0(ti)). The dye blob radius was estimated on perpendicular 
directions to flow as the averaged distance between the centroid (x0(ti), y0(ti)) and the 



















Solute retention time (tR, s) was defined as the average time required to displace a 
solute molecule out of the canopy (Orfila et al. 2005). Values of tR were estimated using 
the decay rate in dye concentration. Since the only dye input was the initial release, the 
dye concentration can be assumed to follow a first order exponential decay (Orfila et al. 
2005), allowing tR estimations as the inverse of the first order turn-over coefficient (C) 
(Fig. 2B). Relative dye concentration was estimated using the intensity of the blue 
channel (Bi) of the photographs, which is proportional to the relative dilution of dye (i.e. 




over a 0.9 x 0.9 m
2 
section of the reference area, sited on the leading edge of the canopy. 
Because the RGB channels of photos are non-linear and dependent on view conditions 
(Stone 2003), the original values of the pixels (p, 0-255) were transformed to a linear 























  (eq. 9) 
where p is the original value of pixel, γ is the power coefficient for transforming colour 
scale (typically γ=2.2; Stone 2003), Bmax is the blue intensity of seawater without dye 










) during the day 12-06-09. (B) Temporal changes 
on blue intensity (Bi) according to pictures taken on day 27-07-09. Solute retention time (tR) on Zostera 
noltii patch edges it is estimated as the inverse of the first order turnover coefficient (C) of B i decay with 
time. 
The Sherwood number (Sh) is a dimensionless number that represents the ratio of 
convective to diffusive mass transport. In our case, Sh was used to estimate the relative 
importance of turbulent diffusion versus advection for solute transport. Sh represents the 
ratio of time required by a particle to move by advection transport in comparison to the 






Sh   (eq. 10) 
where L is a characteristic linear dimension (transport length of the solute). In this 
study, L was set by the reference system size (approx. 4 m). 
Significant differences between FM and HM were assessed using t tests of paired 
samples for all of the described variables. However, for descriptive purposes, Table I 
shows mean values and standard deviation.  
Vertical gradients of advection and diffusion 
Instantaneous velocities were recorded with an acoustic Doppler velocimeter 
(ADV, Nortek) at three different heights above the bottom floor: (1) inside the canopy 
(IN, z: 0.075 m), (2) just at the top of the canopy (i.e. at the canopy - water column 
interface; TOP, z: 0.15 m) and (3) above the canopy (ABOVE, z: 0.25 m). At the end of 
the velocity measurements, three biomass samples (0.1 x 0.1 m
2
) were collected to 
estimate shoot density± SD (5000±1127 shoots m
-2
). For each sample, 9 shoots were 
selected to estimate shoot length ± SD (0.17±0.06 m). 
The x-axis was orientated towards the main tidal current direction (clockwise 
notation, 130º SW and 85º SE). Every sampling point was measured during 180 s at 32 
Hz. Data with beam correlations below 70% were filtered (Morris et al. 2008), 
remaining between 4700 and 5670 data per time series. Once filtered, the horizontal 
components of the velocity (m s
-1
) were analysed according to: 
'u uu   (eq. 11)  




where u and v are the instantaneous velocity components, u  and v  are the time-
averaged components, and u’ and v’ are the fluctuation terms. Furthermore, a horizontal 
module of velocity (U) was also estimated as: 
22U vu    (eq. 13) 
To calculate the turbulent diffusion coefficient (Ky), Taylor’s theorem for 
stationary turbulent environment was applied. The variance of the blob width of a solute 
displacing stochastically ( )(
2
ty ) can be predicted from the autocorrelation function of 
fluid particle velocity (R (τ), Kundu 1990). In this case, R (τ) was estimated with time-
series of the fluctuating term v’:  




2'2 2)(   (eq. 14) 
where 
2'v  is the quadratic average of v’ and τ is the time lag. 
To avoid undesirable effects associated with the presence of periodic components 






  (eq. 15) 
Finally, Ky was calculated as half value of the slope of the linear part of )(
2
ty  







Turbulent diffusion and retention time 
The dye blob radius (w
2
) followed a saturation trend for both FM and HM, 







 for both spatial configuration (Table I and Fig. 3A). Although 
small, Ky differences were significant showing higher values for FM than for HM 
(Table I). 
Under the experimental conditions, patch configuration did not significantly affect 
to U, TI, Sh or tR. (Table I). After pooling both FM and HM data no correlation between 
TI and Ky was found (data not shown, r=-0.4, P=0.22), suggesting that such relationship 
is specific for each patch configuration. The Sh values were on the range of 10
2
 (Fig. 
3C), revealing that solute transport was clearly controlled by advection rather than by 
turbulent diffusion. Sh values for HM were highly dispersed explaining the lack of 
significant differences with FM (Fig. 3C; Table I). The high variability of tR (i.e. a 
coefficient of variation ≈ 51%, Table I), suggests a high sensitivity to temporal changes 
















), turbulent intensity (TI), 
horizontal module of velocity (U, m s
-1
), retention time (tR, s) and Sherwood number (Sh) within 
fragmented (FM) and homogeneous (HM) patches of Zostera noltii. Last column shows the paired 
samples t-test when comparing FM and HM. The p-values are indicated in between brackets. 
 









) 2.99 (*0.048) 
TI  1.93 (0.26) 2.45 (0.28) -2.39 (0.07) 
U 0.028 (0.015) 0.031(0.006) -0.30 (0.40) 
tR 336 (171) 157 (81) 1.46 (0.14) 





The study of a Zostera noltii homogeneous meadow when submerged under a 0.5 
m of water column revealed a clear stratification of advection (represented by U, Fig. 
4). The vertical pattern showed a layer of minimum advection at the canopy-water 
column interface (TOP, 0.01 m s
-1
), acting as the interface of two layers of contrasting 
velocity: (1) a low velocity layer inside the canopy (IN, U = 0.017 m s
-1
) and (2) a high 
velocity layer above the canopy (ABOVE, U = 0.035 - 0.044 m s
-1
). Moreover, U values 
were homogeneous inside the canopy, but showed a vertical gradient above it, 










) and (B) turbulence intensity (TI) and 







Figure 4. Horizontal velocity (U, m s
-1
) measured for different vertical positions (z, m) above, on top and 
inside (IN) of a homogeneous Zostera noltii canopy. Canopy (hc=0.16 m) and water column height 
(H=0.46 m) are indicated. 
 
Turbulent diffusion transport also showed a vertical gradient when estimated from 













). The vertical gradient on Ky suggests a 














) from the v’ 
component of velocity by applying Taylor’s theorem. Estimations were made for different vertical 
positions: (1) Inside the canopy (IN), (2) on the interface canopy - water column (TOP) and (3) above the 
canopy at the free water column (ABOVE), at 0.075, 0.15 and 0.25 m above the bed floor respectively. 
σy
2






Turbulent diffusion and advection 
Dye tracer in situ experiments have demonstrated that during the onset of the tidal 
flooding, habitat fragmentation increases turbulent diffusion within Zostera noltii 
canopies. Although Ky cannot be considered as an intrinsic population parameter 




be estimated, our results demonstrate that habitat fragmentation affects Ky. In a previous 
field experiment for dye dispersion within Zostera marina canopies (also at low current 
conditions, U <0.05 m s
-1







) but without finding differences in the turbulent mixing 
between vegetated and bare areas, even when Ackerman and Okubo (1993) predicted 
that Z. marina canopies reduce turbulent mixing (75% lower). In our case, (1) shoot 
density was 25 times higher than in Worcester experiment (5000 vs 200 shoots m
-2
, 
respectively), (2) TI values were similar for FM and HM and lower than in Worcester 
experiment, and (3) a lack of correlation between Ky and TI, suggesting that the 
mechanical component of the diffusion played a more important role than in previous 
works. As the influence of the mechanical component is proportional to the density of 
arrays or elements (i.e. shoot density, Nepf 1999, Serra et al. 2004), the effect of the 
spatial habitat structure is enhanced when compared to experimental conditions 
developed by Worcester (1995). 
As a consequence of fragmentation effects on turbulent diffusion, the same 
volume of transported solute during the same time in both types of meadows (i.e. FM 
and HM) would generate a larger blob area in fragmented sites. Hence, it is expected 
that fragmentation would favor habitat vulnerability to episodic pollution, since 
fragmentation increases the area reached by the pollutant. Forecasting dispersion of 
pollutants within intertidal seagrass habitats requires the combination of knowledge on 
local hydrodynamics and on landscape configuration, highlighting the need of 
additional tools as aerial photography or remote sensing (Clark 1993, Pasqualini et al. 
1999). 
Habitat fragmentation did not affect advection patterns (i.e. no significant 




velocity independently on the seagrass landscape characteristics. Fonseca and Bell 
(1998) demonstrated in situ that high water velocity (0.1 - 0.4 m s
-1
) can determine the 
seagrass landscape configuration (i.e. size, shape and pattern of seagrass patches). The 
effects of seagrasses on velocity patterns have only been demonstrated at scale of 
canopy (Peterson et al. 2004, Fonseca and Koehl 2006, Morris et al. 2008) although 
physical models evidenced such modification at the scale of landscape (Luhar et al. 
2008). For Zostera noltii meadows thriving in Cadiz bay a tide-controled advection 
would be more favourable than an habitat structure-control advection, since tides allow 
the water turn-over of this shallow system in 0.5 – 1 day (table II), diluting efficiently 
the polluters. Nevertheless, further research during different tidal phases is needed to 
fully understand the effects of seagrass landscape on transport processes. 
Despite the relative contribution of turbulent diffusion to canopy solutes renewal 
should be relatively high when current velocity is minimum or low, our results show 
that the advection dominates the renewal of solutes at the scale of canopy (Sh around 
100). For a canopy with a height (H) 25-fold times shorter than its length (L) as our case 
(L = 4 m and H = 0.16 m), advection would dominate the solute renewal (Nepf et al. 
2007). Morris et al. (2008) also demonstrated in a flume tank that advection controls the 
renewal of nutrients in Zostera noltii canopies. However, processes occurring within a 
seagrass canopy have many characteristic lengths (Koch et al. 2006). For example, 





 µm, Nepf et al. 1997). Therefore, the Ky values here found are also 
valid for processes at the scale of leaves (e.g. those affecting the pollutant partition 




 m generate a range of Sh 
between 0.1 and 1, so solute transport at the scale of leaf area will be dominated by 




colonizing seagrass leaves are most exposed to pollution, because epiphyte community 
composition changes vertically along leaf (Reyes et al. 1998). 
Retention time of solutes 
Since under our experimental conditions, advection seems to control solute 
renewal within seagrass canopies and U was not affected by landscape configuration, 
retention time (tR) was also unaffected by landscape configuration. For long-lasting 
pollutants, like some heavy metals (Prange and Dennison 2000), the tR can be decisive 
to determine the local toxic dosage because the fast flushing away of the pollutant may 
reduce the exposition. Although our results suggest that tR is independent of landscape 
configuration, extrapolation to the entire landscape still has to be done carefully, since 
this study is specifically focused on the leading edge and these areas are relatively 
permeable to flow, being the velocity on the leading edge higher than downstream the 
canopy (Peterson et al. 2004, Morris et al. 2008). 
Several studies have previously estimated tR within macrophyte canopies by 
different techniques (Table II). Whereas previous works directly measured tracer 
concentration (ie. sodium bromide or fluorescein), the present study used an indirect 
method by analyzing color intensity on photographs of the spatial and temporal dye 
evolution. Color intensity conversion to relative dye concentration has been successfully 
applied in previous works on flow in soils (Persson 2005), coastal diffusion (Bezerra et 
al. 1998) and artificial canopies (Ghisalberti and Nepf 2006). Such conversion allows a 
complete record of dilution effects without sophisticated artifacts obstructing dye 
transport. 
In our case, the color intensity fits well and significantly to a theoretical 
exponential decay (P<0.0001, R
2
>0.70), supporting that this variable is a good indicator 




data (Table II). The high tR values on wetland (i.e. 53 min) and Posidonia oceanica 
habitats (i.e. 14.5 – 30 days), when compared with Zostera noltii ones (2.6 – 3.6 min), 
can be consequence of the spatial scale tested (11 m
3




 for P. 
oceanica versus 0.14 m
3
 for Z. noltii). In fact, when tR is estimated at the inner Cadiz 
Bay spatial scale, the value increases to 0.5 - 1 day (table II). On the contrary, despite of 
a large spatial scale tested (i.e. 6 m
3
), kelp canopies generate small tR (i.e. 0.93 min, 
Orfila et al. 2005, table II). This can be explained by the dominance of waves, since 
kelp canopies thrive in exposed coastal environments and orbital flow opens up the 
canopies, increasing the vertical mixing in comparison to the unidirectional flow (Koch 
et al. 2006). 
To detect physical limitation on nutrient uptake, the tR values are compared with 
the corresponding theoretical time required for nutrient uptake (tUp, table II). If tR has 
larger values than tUp, then physical limitation on nutrient uptake is expected (Kregting 
et al. 2011). The tUp was estimated using averaged values of Zostera noltii leaf biomass, 
assuming that both ammonium and phosphate follows first order uptake kinetics (Pérez-








































































































































































































































































































































































































































































































































































































































































































































































































































] ≈ 0.1-0.7 µM, De los Santos et al., unpublished data). In our case, tUp for 
ammonium (36.8 min) and phosphate (10 min) were higher than tR within Z. noltii patch 
edges (2.6 – 5.6 min), suggesting that nutrient uptake is not physically limited by 
solutes renewal at the leading edge of these patches. This statement is supported by 
Morris et al. (2008), who demonstrated in a flume tank that seagrass leading edges are 
active uptake zones.  
 
Vertical gradients 
When water column exceeded 2.8 times the canopy height, advection and 
turbulent diffusion patterns within Zostera noltii canopies were vertically stratified on 
three layers (i.e. ABOVE, TOP and IN). The increase of velocity above the canopy is a 
process frequently described when water column exceeded more than two times the 
canopy height (H/h > 2, Fonseca and Koehl 2006, Morris et al. 2008, Peralta et al. 
2008). The canopy-water column interface (TOP) was the most active zone for turbulent 
diffusion (i.e. Ky coefficient was 100-fold higher than inside canopy). This is explained 
by turbulent momentum dissipation from the ABOVE layer (Ackerman 2002, Nepf and 
Ghisalberti 2008). Delay on saturation of mass distribution variance at the canopy-water 
column interface (TOP, Fig. 5) suggested that large-scale eddies were contributing to 
the vertical mixing between ABOVE and IN layers (Nepf and Ghisalberti 2008).  
Hence, solute transport will be maximum when the source is located close to 
canopy- water column interface (TOP), but it will be limited when the source is inside 
the canopy, as the pattern described for seagrass pollen dispersion (Ackerman 2002). 




transport: (1) water column above the canopy, and (2) within the canopy. The transport 
above the canopy is rapid and dependent on current velocity, whereas within the 
canopy, solute transport is slow and local. The slow transport layer affects to solutes 
resuspended from the sediment (e.g. heavy metals and nutrients, Ralph et al. 2006). For 
cases where the source is within the slow transport layer, the dispersion of solute to the 
scale of the entire meadow needs to be mediated by previous vertical transport to TOP 
(or ABOVE) layer. This vertical transport is feasible by vertical secondary flows (Nepf 




In summary, this study provides central keys to forecast pollutant transport within an 
intertidal seagrass landscape. Under emergent conditions, habitat fragmentation 
increases horizontal diffusion coefficient, indicating that fragmentation may enhance 
seagrass vulnerability to pollution because a larger area of habitat will be affected. 
However, advection dominates solute transport at the patch spatial scale, being this type 
of transport not affected by fragmentation. As a consequence, solute retention times 
were similar in fragmented and homogeneous meadows, being both habitats susceptible 
of exposition to pollutants during the same time. When water column exceeded 2.8 
times the canopy height, flow was stratified in three layers, distinguishing two 
contrasting regions for solute transport: rapid transport above the canopy, slow transport 
inside the canopy, and a canopy – water column interface where turbulent diffusion 
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1. Hidrodinámica y paisaje vegetal bentónico 
La interacción entre la vegetación bentónica y la hidrodinámica es un aspecto 
clave para el funcionamiento de este tipo de comunidades, así como para todos los 
procesos ecológicos determinados o condicionados por el flujo de la corriente, tales 
como la deposición de partículas, la estabilidad del sustrato, o la renovación e 
incorporación de nutrientes (Koch 2001, Thomas and Cornelissen 2003, Bouma et al. 
2007, Gruber and Kemp 2010). 
A nivel de paisaje, la retroalimentación entre dichos procesos, el desarrollo de 
los doseles y los efectos hidrodinámicos asociados pueden modular la estructura 
espacial de las manchas de vegetación en un mecanismo auto-organizativo (van der 
Heide et al. 2010). Así, se ha demostrado una relación muy estrecha entre el espectro de 
tamaños de mancha y el régimen hidrodinámico dominante, de manera que un elevado 
flujo de corriente (i.e. >0.25 m s
-1
) restringe su grado de agregación (Fonseca and Bell 
1998). Esta limitación está determinada fundamentalmente por la constricción erosiva 
ejercida en la periferia de las manchas a través de pasillos desnudos de alta turbulencia 
(Fonseca and Koehl 2006), la cual (1) impide el asentamiento de nuevos haces (van der 
Heide 2010), y (2) promueve diferencias de relieve que favorecen la propia erosión 
lateral (Fonseca et al. 1982).  
Los resultados obtenidos en la presente Tesis Doctoral apuntan, sin embargo, a 
que en las praderas de Zostera noltii del saco interno de la bahía de Cádiz no impera tal 
mecanismo, al ser una especie estabilizadora del sedimento incluso con bajas 
densidades de haces (Peralta et al. 2008). El flujo mareal en doseles de esta especie 
durante periodos de marea viva (1) presentó velocidades inferiores en magnitud a los 
umbrales estimados por Bouma et al. (2009 a) para la generación de micro-depresiones 
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(i.e. 0.03 versus 0.3 m s
-1
), pero además (2) no hubo diferencias significativas entre los 
valores registrados en praderas continuas y en praderas dispersas o fragmentadas. A este 
hecho hay que unirle el que no se detectara limitación hidráulica de recursos en las 
zonas de borde, factor decisivo para la expansión clonal de las manchas porque en los 
haces apicales (mayoritarios en la periferia, Brun et al. 2003) la demanda de nutrientes 
es comparativamente superior a la de otro tipo de haces (Marbá et al. 2002). La presión 
marisquera, junto con la dinámica natural de crecimiento centrífugo y colonización 
rizomática son, por tanto, las principales causas modeladoras del paisaje de manchas de 
Z. noltii (Brun et al. 2003, Cabaço et al. 2005). Sin embargo, en las praderas 
intermareales del saco externo de la bahía de Cádiz el flujo de marea es mucho más 
intenso (e.g. 0.05-0.3 m s
-1
, Brun et al. 2009, incluso 1 m s
-1
 en canales de marea, 
González et al. 2010), y parece existir una correlación entre la distribución espacial de 
las manchas y la presencia de pequeños montículos de sedimento (Peralta et al. 
investigación en curso). 
A su vez, los principales atributos del paisaje vegetal bentónico, tales como el 
tamaño de las manchas (i.e. altura y extensión horizontal, Fonseca et al. 1983, Fonseca 
and Fischer 1986), el grado de fragmentación (Folkard 2005, Luhar et al. 2008), la 
microtopografía (Fonseca et al. 1983, Carpenter and Williams 1993) o las transiciones 
entre praderas de macrófitos con propiedades físicas claramente distintas (e.g. 
morfometría, demografía y flexibilidad) pueden incidir directamente en los patrones 
locales de velocidad y turbulencia. Uno de los efectos más notables del tamaño de las 
manchas es el que tiene sobre el re-direccionamiento y aceleración del flujo por encima 
del dosel, proceso que suele recibir menos atención en la bibliografía que la atenuación 
interior de la corriente (e.g. Granata et al. 2001, Peterson et al. 2004, Laccie and Willie-
Echeverria 2011). Este proceso incrementa el estrés de fricción en la columna de agua 
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(Fonseca et al. 1982) y en consecuencia, tal y como se describe en el capítulo 2, puede 
resultar un impedimento a la deposición de partículas, favoreciendo que las máximas 
tasas se localicen en las zonas de borde. Trabajando en tanque de flujo con una pradera 
artificial de Cymodocea nodosa (0.03 y 0.065 m s
-1
), los valores de aceleración de la 
corriente muestran claramente un incremento inicial y posterior asíntota con el tamaño 
de la mancha (Fig.1), a la vez que un aumento con su altura relativa, la cual se reduce 
debido al doblamiento de los haces (Fig. 1, y capítulo 2 Fig. 3A). 
 
 
Figura 1. Aceleración del flujo por encima de una mancha artificial de Cymodocea nodosa como 
función de (1) la distancia horizontal al borde (corriente abajo) y (2) la velocidad libre (0.03 versus 
0.065 m s
-1
). Las velocidades están medidas en tanque de flujo, a 40 cm del fondo, tal y como se describe 
en el capítulo 2. Nótese la asociación positiva de la aceleración con la altura relativa del dosel, la cual 
puede reducirse tanto con el aumento de la velocidad libre como con la cercanía al borde de la mancha.  
La estabilización de la aceleración de la corriente por encima del dosel a partir de 
un tamaño de la mancha puede explicarse indirectamente a partir de la combinación de 
los modelos actuales de reducción interior del flujo y la ley de continuidad, los cuales 
(1) también deducen un comportamiento exponencial negativo de la velocidad (Fig. 1), 
y (2) permiten predecir tamaños críticos de mancha para la estabilización de la corriente 
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(Abdelrhaman 2003, Peterson et al. 2004). El tamaño crítico de mancha oscila 
empíricamente entre 10 y 50 veces la altura del dosel (Granata et al. 2001, Hendriks et 
al. 2010), aunque hasta la fecha no existe ninguna recopilación de datos de campo que 
pueda corroborar una regla general. Además, las diferencias interespecíficas en 
biomecánica (Fonseca et al. 2007, De los Santos 2011), demografía y morfometría 
(Morris et al. 2008, Hendriks et al. 2010) dificultan a priori esa labor. 
Los valores de aceleración del flujo obtenidos in situ para Cymodocea nodosa 
(capítulo 1), normalizados por la distancia horizontal de medida, a pesar de ser 
inferiores que los obtenidos en tanque de flujo, resultaron ser incluso más elevados que 
en el caso de otras especies tales como Posidonia oceanica o Zostera novazelandica 
(Fig. 2). El meta-análisis junto con medidas in situ de diversos estudios (Granata et al. 
2001, Peterson et al. 2004, Bryan et al. 2007, Heiss et al. 2010) muestra una correlación 
positiva del factor de aceleración con la altura de la mancha en proporción a la 
profundidad (Fig. 2a). Sin embargo, no se observa correlación significativa con la 
densidad de haces (Fig. 2b), a pesar de que la distribución vertical de la luz induce a que 
la densidad de las praderas disminuya con la profundidad (Duarte 1991, Pergent et al. 
1995). Este resultado preliminar sugiere que, a lo largo de una zonación costera 
completa, los factores de hábitat (profundidad y condiciones de marea) podrían ser más 
determinantes sobre los gradientes horizontales de velocidad en las manchas que su 
propia permeabilidad. Además, para praderas 10 veces menores que la profundidad de 
la columna de agua apenas se registra aceleración del flujo (Fig. 2a), estableciéndose en 
cambio un régimen hidrodinámico donde predomina el intercambio turbulento vertical 
(Nepf and Vivoni 2000). Dicho umbral de tamaño discrimina, por tanto, entre dos 





Figura 2. Aceleración del flujo por encima de praderas naturales de angiospermas marinas de 
diversa naturaleza bajo diferentes ambientes hidrodinámicos. Dicha aceleración se ha estudiado en 
función de (a) la altura de la mancha en proporción a la profundidad y (b) la separación media 
entre haces. Los valores están normalizados por la distancia horizontal al borde de la mancha. h: altura 
del dosel; H: profundidad. Se incluyen los datos obtenidos en el saco interno de la bahía de Cádiz para la 
pradera submareal de Cymodocea nodosa. 
al. 2007). Por un lado, el paisaje de manchas de un sistema somero de control mareal 
(e.g. saco interno de la bahía de Cádiz), de alta heterogeneidad espacial; por otro lado, 
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un sistema profundo con bajas oscilaciones en el nivel del mar (e.g. rodales de 
Posidonia oceanica, Granata et al. 2001), y controlado por turbulencias de mayor escala 
que se disipan con la conectividad entre las manchas (Folkard 2005).  
La microtopografía es otro factor de hábitat cuya repercusión sobre los patrones 
hidrodinámicos locales se ha demostrado en la presente Tesis Doctoral (capítulo 1). Este 
atributo del paisaje no sólo entraña pequeñas diferencias en el factor profundidad (e.g. 
Fonseca et al. 1983), sino que al estar asociado al desarrollo de praderas de contrastadas 
propiedades físicas (e.g. Hendriks et al. 2010), sus efectos van ligados al de las 
transiciones bentónicas. La simulación en tanque de flujo de una transición entre 
Caulerpa prolifera y Cymodocea nodosa reveló que un resalte de unos 10 cm en la 
frontera de estas dos especies promueve (1) la mezcla turbulenta y (2) una reducción de 
la velocidad de fondo, pero al mismo tiempo (3) disminuye la capacidad de transporte 
sedimentario en la sección de C. nodosa. Esta contraposición de efectos evidencia que 
la microtopografía bentónica no puede considerarse un agente físico simple (capítulo 1), 
sino condicionado jerárquicamente (sensu Hilborn and Stearns 1982) a la intensidad de 
la corriente y la disponibilidad de sedimento en suspensión. En consecuencia, este 
atributo implica una perturbación con un tiempo de recurrencia inferior al de su propia 
génesis (i.e. días frente a años), al contrario de lo que ocurre en los paisajes terrestres o 
de marisma, donde es la microtopografía (evolución lenta) la que condiciona 
perturbaciones inmediatas como el drenaje edáfico (Mc Grath et al. 2012) o el grado de 
de inundación (Castellanos et al. 1994, Sanchez et al. 2001). 
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2. Los macrófitos marinos como ingenieros de ecosistema en la bahía 
de Cádiz: perspectivas de futuro.  
La modificación del entorno abiótico por parte de ingenieros de ecosistema de 
vida sumergida está, directa e indirectamente, mediada por procesos hidrodinámicos 
(e.g. Koch 2001, Bouma et al. 2005, Gruber and Kemp 2010). En consecuencia, todas 
las relaciones estudiadas a nivel de dosel y de paisaje bentónico en el presente trabajo 
suponen un avance importante hacia la comprensión de los mecanismos de ingeniería de 
los macrófitos marinos de la bahía de Cádiz.  
Hasta la fecha se ha demostrado un efecto positivo de las praderas de Zostera 
noltii sobre la estabilidad del sustrato (Peralta et al. 2008), así como sobre las tasas de 
filtración de la comunidad faunística asociada, presumiblemente debido a una mayor 
retención hidráulica de recursos (Brun et al. 2009). Esta última hipótesis se ha visto 
reforzada recientemente con datos experimentales de deposición de partículas (Wilkie et 
al. 2012) o de marcaje isotópico (Lebreton et al. 2012). Dado que los tiempos de 
retención en praderas de Z. noltii están controlados por la intensidad de la corriente, 
mientras que la difusividad turbulenta se ve afectada también por su estructura de 
manchas (capítulo 3), se hace necesaria la formulación de un modelo espacialmente 
explícito, que incluya tanto la variabilidad temporal en el flujo de marea como la 
distribución de las praderas. La predicción de campos de velocidad a mayor escala 
(Alvarez et al. 1999) o el cartografiado de los hábitats bentónicos del saco interno 
(Freitas et al. 2008) constituyen esfuerzos previos a la consecución de este objetivo. 
En las praderas de Cymodocea nodosa, además de facilitarse la disponibilidad de 
alimento para la fauna bentónica (Brun et al. 2009), se ha comprobado 
experimentalmente su capacidad de atrapar sedimento (Hendriks et al. 2010), así como 
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de promover la migración de dunas sumergidas (Marbá and Duarte 1995), 
transformaciones físicas del hábitat que repercuten necesariamente en la distribución, 
abundancia y composición de la materia y el flujo de energía del ecosistema (Jones and 
Gutierrez 2007). Tanto los patrones hidrodinámicos obtenidos in situ (capítulo 1), como 
los ensayos sedimentarios en tanque de flujo (capítulo 2) sugieren que para una 
arquitectura de dosel de C. nodosa característica en praderas submareales del saco 
interno de la bahía de Cádiz, el efecto borde favorece la sedimentación hasta una 
distancia crítica de 0.4-0.6 metros. Este valor de referencia resulta de utilidad para 
futuros diseños muestrales, en donde se intenten discernir diferencias estructurales y de 
asimilación ligadas a los procesos de ingeniería de ecosistema.  
Cabe destacar que la capacidad de deposición de Cymodocea nodosa se mantiene 
incluso con niveles de velocidad extremos para las condiciones del saco interno de la 
bahía (i.e. 0.13 m s
-1
), cuando se compara con niveles de una marea viva típica (i.e. 
0.065 m s
-1
, capítulo 2). Por otro lado, en la transición simulada de Caulerpa prolifera-
Cymodocea nodosa, un flujo unidireccional con los mismos niveles de velocidad no 
generaba por sí solo un estrés de fondo de alcance erosivo (capítulo 1). Sin embargo, las 
medidas in situ de la turbidez en el interior de los doseles registran fenómenos de 
resuspensión del sedimento, durante eventos extremos generados por el viento de 
levante (García-San Miguel 2010). Este hecho evidencia, (1) la coexistencia de procesos 
erosivos junto con la idea de una pradera “trampa” de sedimento (Koch 1999), pero 
sobre todo (2) el desconocimiento del papel que ejerce el flujo orbital (oleaje) en la 
dinámica sedimentaria de los fondos vegetados de la bahía, a pesar de que los eventos 
de oleaje representan sólo un pequeño porcentaje de todo el año meteorológico. La 
experimentación con tratamiento de olas ha demostrado que la componente orbital de la 
corriente representa una fuente de estrés hidrodinámico añadido a la componente 
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unidireccional (Heller 1987, Fonseca and Cahalan 1992, Luhar et al. 2010), lo que lleva 
a considerarla cada vez más como un factor influyente en el desarrollo y el potencial 
ingeniero de los macrófitos bentónicos (e.g. La Nafie et al. 2012). La escasez actual de 
este tipo de estudios impide reconocer a la capa límite bentónica como una estructura 
disipable por perturbaciones puntuales (Thomas and Cornelissen 2003), pero sobre todo 
el efecto de la calidad (no sólo intensidad) de dichas perturbaciones energéticas sobre 







































































1. The velocity range recorded at the seagrass distribution area in the inner body of 
Cadiz bay (0.01-0.08 m s
-1
) is low compared to other seagrass habitats and compared to 
mechanical stress thresholds (>0.25 m s
-1
). Accordingly, the diffusive boundary layer 
must be thicker than in other seagrass habitats and, therefore, diffusive-limited 
conditions must dominate in absence of storms. 
 
2. Under natural conditions, the re-direction and acceleration of the current above 
Cymodocea nodosa canopy was not as intense as that observed in previous flume tank 
experiments. Furthermore, a cross data comparison with other seagrass species from 
different hydrodynamic environments revealed that the acceleration on top of C. nodosa  
(Cadiz bay) were high compared to other natural systems and that this phenomena was 
more affected by depth submergence and tidal conditions (habitat factors) than by 
canopy permeability. 
 
3. The use of an artificial Cymodocea nodosa patch in a flume tank showed that the 
sedimentation pattern followed a negative exponential trend, with maximum 
sedimentation rate at the leading edge. This pattern was independent of the experimental 
free stream velocity. The rise in velocity increased the global sediment deposition rate, 
probably as consequence of the increase on volumetric flow rate through the canopy, 
and therefore, due to the increase of sediment load susceptible of being deposited. 
 
4.  In an in situ transition between adjacent populations of Caulerpa prolifera and 




from the leading edge, whereas the resources transfer seems homogenous along the 
spatial gradient. This suggests that physical control of ecological processes on the edge 
area is more complex than expected from flume tank experiments. 
 
5. By simulating a Caulerpa prolifera-Cymodocea nodosa transition in a flume 
tank, it was observed that, under a reasonable velocity range from Cadiz bay (i.e. 0.065 
and 0.14 m s
-1
), bottom shear stress levels under unidirectional flow were not enough to 
promote erosion, whereas sedimentation probability was higher in C. nodosa bed than 
in C. prolifera one.  
 
6. Under natural conditions, fragmentation of intertidal Zostera noltii meadows 
increased horizontal turbulent diffusivity of solutes at low tide. However, retention time 
of solutes (i.e. water renewal rate) was not affected by landscape fragmentation because 
of the dominance of advection over turbulent diffusion as transport mechanism.  
 
7. Present work highlights the importance of spatial heterogeneities (i.e. 
microtopography, patchiness and fragmentation) when studying the interaction of 
marine macrophytes with hydrodynamics. Particularly, the role of microtopography as 
an effect and a factor of ecosystem engineer dynamics is subjected to the existence of 








1.  El rango de velocidad estimado en las áreas de distribución de las  
angiospermas marinas en el saco interno de la bahía de Cádiz (0.01-0.08 m s
-1
) fue bajo 
en comparación con otros hábitats de angiospermas marinas y con los umbrales de 
estrés mecánico (>0.25 m s
-1
). Consecuentemente, la capa límite difusiva alrededor de 
las hojas de estos macrófitos debe ser más gruesa que en otros hábitats y, por lo tanto, 
las condiciones de limitación física prevalecen en ausencia de tormentas.  
 
2. En condiciones naturales, los fenómenos de re-direccionamiento y aceleración 
de la corriente por encima de Cymodocea nodosa no resultaron ser tan intensos como se 
han observado previamente en tanque de flujo. No obstante, un meta-análisis de datos 
obtenidos in situ en praderas de otras especies reveló que los valores de aceleración 
encontrados en las praderas de C. nodosa de la bahía de Cádiz fueron altos comparado 
con otros hábitats naturales y que dicho fenómeno estaba más afectado por la 
profundidad y las condiciones de marea (factores de hábitat) que por la permeabilidad 
del dosel. 
 
3. El uso de una mancha artificial de Cymodocea nodosa en tanque de flujo mostró 
que el patrón espacial de sedimentación seguía una tendencia exponencial negativa, con 
tasas máximas localizadas en el borde de la mancha. Este patrón fue independiente de la 
velocidad libre empleada. El incremento de velocidad aumentó la tasa de sedimentación 
global probablemente como consecuencia de un aumento del flujo volumétrico a través 





4. En una transición natural entre poblaciones adyacentes de Caulerpa prolifera y 
Cymodocea nodosa, la turbulencia (TKE) presentó un máximo relativo en C. nodosa a 
0.7 m de la zona de borde mientras que la transferencia de recursos no pareció mostrar 
variabilidad espacial a lo largo del gradiente. Esto sugiere que el control físico de los 
procesos ecológicos en la zona borde de praderas bentónicas es más compleja de lo 
previsto a partir de experimentos en tanques de flujo. 
 
5. Simulando en tanque de flujo una transición Caulerpa prolifera-Cymodocea 
nodosa con un rango de velocidades razonable para la bahía de Cádiz (0.065 y           
0.14 m s
-1
), los valores de estrés de fondo bajo flujo unidireccional no fueron suficientes 
para generar niveles de erosión potencial, mientras que la probabilidad de 
sedimentación fue mayor en C. nodosa que en C. prolifera.  
 
6. Bajo condiciones naturales, la fragmentación de las praderas intermareales de 
Zostera noltii aumentó la difusividad turbulenta horizontal en bajamar. Sin embargo, el 
tiempo de retención de los solutos (es decir, la renovación hidráulica) no se vio afectada 
por la fragmentación del paisaje debido a que la advección domina sobre la difusión 
turbulenta como mecanismo de transporte de los solutos.   
 
7. La presente memoria muestra la importancia de las heterogeneidades espaciales 
(microtopografía, mosaico de manchas y fragmentación) en el estudio de la interacción 
de los macrófitos marinos con la hidrodinámica. En particular, el papel de la 





































A brief fluid dynamics glossary for ecologists 
 
Bottom shear stress (τ): Strain caused by near bottom turbulence over a parallel 
direction of flow. It is widely accepted as a hydrodynamic proxy of sediment bed 
stability (Thompson et al. 2004, Peralta et al. 2008, Hendriks et al. 2008). It is expressed 
as N m
-2
 (SI units). 
Boundary layer: An unstirred layer of water close to the bottom or to a solid surface 
where a vertical gradient of minimum velocities extends away. By convention, its 
thickness is the distance where the average velocity is 99% of the average mainstream 
velocity (Denny 1988). It may range from µm (leaves, small sessile organisms) to m 
(benthic boundary layers). 
Bulk velocity (U): Depth averaged velocity from the bottom to a characteristic water 
column height (Thomas et al. 2000). It is used as a representative flow velocity. 
Drag forces: Resistance to motion through a fluid. When considering the resistance 
over flexible or rigid canopies, drag can be divided into two types: profile or form drag, 
which is due to the low pressure behind a plant due to flow separation (perpendicular to 
flow), and skin or friction drag, which results from viscous shear as a fluid moves over  
plants (parallel and often negligible).  
Flushing time: A bulk or integrative parameter that describes the general exchange 
characteristics of a waterbody without identifying the underlying physical processes 
(Monsen et al. 2002). It is estimated as the ratio of the mass of a scalar in a reservoir to 




Free-stream velocity: Current velocity close to water column height and not affected 
by the benthic boundary layer effects. 
Friction velocity (u*): A characteristic turbulence parameter which measures the 
magnitude and correlation of fluctuations in velocity near a solid (i.e. bottom) or a 
porous substrate (Denny 1988). It is expressed as m s
-1
 (SI units). 
Momentum transfer: Transport of movement from gradients of horizontal velocity 
between adjacent planes of flow. 
Monami: Spread of wavelike oscillations caused by instabilities that generate large 
coherent vortices at the interface between the canopy and the overlaying water column, 
where the velocity profiles display an inflection point (Ackerman and Okubo 1993).  
 
Skimming flow: Flow water re-direction over the top of a submersed canopy which 
implies the trapping of the layer of water within it (Koch et al. 2006). 
Turbulent kinetic energy (TKE): Mean (usually three-dimensional) kinetic energy per 




 (SI units). 
Volumetric flow rate (Q): Unit of water volume crossing a section perpendicular to 
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